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Abstract 
We report here a new measurement of cross-section and forward-backward asymmetry in the 
heavy flavour (c and b) quark production using prompt leptons at TRISTAN (vs = 58 GeV). 
We have improved our capability of identifying electrons and muons and obtained a large 
sample of heavy flavour quarks events. A sample containing electrons with momentum p > 1 
Ge V / c and muons with p > 2 Ge V / c were used. 
From a fit to momentum (p) and transverse momentum (Pt) spectra of the leptons, the 
effective Born cross-sections of b and c quark pair production are measured to be 
σc = 45.3 土 3.2 (stat.) 土 3.8 (syst.) pb 
σb = 19.3 土1. 1 (stat.) 土 0.8 (syst.) pb. 
From a fit to the angular distribution of the thrust axis of the same sample, the forwardｭ
backward asymmetries of b and c quark pair production are measured to be 
ApB = -0.47 士 0.07 (stat.)土 0.03 (syst.) 
ApB -0.38:1 0.10 (stat.) 土 0.01 (syst.). 
Both the measured cross-section and the forward-backward asymmetry of b and c quarks are 
consistent with and provide a more stringent constraint on the Standard Model prediction. 
A possible deviation from the Standard Model prediction is examined in terms of the comｭ
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Chapter 1 
Introduction 
1.1 The Standard 恥10del
Elementary particle physics is a branch of science to search for basic components of matter 
and to study interactions among them. Now we believe that matもer is made up of quarks and 
leptons and that they interact with each other by exchanging intermediate bosons. 
Quarks and leptons are fermions because of their half integral spin. Leptons carry integral 
charges , 0 or 士 1 ， in unit of positron charge (see Table 1.1). Members of leptons are electron 
(e) , muon (μ) and tau (ァ). Neutral members are called “neutrinos" and are assigned a subscript 
corresponding to charged partners; i. e. these are Ve ， νμand ν7 ・ A lepton w hich together 
associated neutrino make a doublet as shown in Table. 1.1 
Quarks carry fractional charges of +2/3 or -1/3 and have an internal quantum number 
called "flavour". They are labeled as u , c, t for charge 2/3 quarks and d, s , b for charge -1/3 
quarks, respectively, which together forms a doublet. Each doublet of leptons and quarks forms 
a generation. Since c and b quarks have masses of about 3 and 5 Ge V / c2, respectively, by 
contrast to those of u , d and s q uar ks w hich are well below 1 Ge V / c2 , they are called “heavy 
flavour" 1 quarks. 
charge Leptons charge Quarks 
。 lノ巴 ν μ νT +i u C 
-1 e μ τ 3 1 d S b 
Table 1.1: Fermions 
There are four fundamental forces: electromagnetic, weak, strong and gravitational force. 
They are mediated by bosons with integral spin. Table 1.2 lists three of these. Gravity is the only 
interaction not listed here, because its effects are negligible in the presenも work. Any charged 
lThe recently discovered top quark with its mass of 180 GeV is also a heavy quark. But in this paper we use 
heavy fiavour to denote c and b quarks 
12 
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particles interact via the electromagnetic force , mediated by photon (γ). The intermediate vector 
bosons W土 and ZO mediate the weak interaction. The weak force act on al particles, but the 
range of the weak force is limited by the boson masses; its typical range is 1/400 fm •. The 
strong interaction is the force between quarks. It is mediated by gluons (g) with typica.l range 







W土 ， ZO 
g 





An important goal of elementary particle physics is to understand and unify al of the forces. 
For example , Maxwell uni五ed the force of electricity and magnetism. The theory predicted and 
explained the existence of electromagnetic and light waves. An important principle underlying 
the electromagnetic theory is Lorenz invariance of space-time. The extension ofMaxwell's theory 
to incorporate Quantum Mechanics leads to the theory of Quantum Electromagnetic Dynamics 
(QED). This theory has been tested by experiments with extreme precision. 
ln the last thirty years, the electromagnetic and weak interactions have been integrated into 
the electroweak theory [1]. The mathematical structure rests upon an underlying syrnmetry 
called a local gauge invariance; the electroweak 七heory is based on the gauge group SU(2) xU(l). 
For this reason, particles in Table 1.2 are called gauge bosons. The weak bosons, which are 
originally massless in the gauge group, get their mass through the vacuum expectation value 
of a Higgs field , as the result of spontaneous break down of the gauge symmetry [2]. However, 
there is no experimental evidence of the existence of the Higgs boson with spin O. The existence 
ofW土 and ZO gauge bosons was predicted by the electroweak theory and they were eventually 
discovered at CERN in 1983 [3] 
Q凶瓜um Chromo-dynamics (QCD) is also a gauge field theory of SU(3). It describes inｭ
teractions of quarks and gluons and is based on the symmetry properties of their color charge. 
There are eight generators in SU(3) gauge group and they correspond to massless gauge boson 
t“'gluons" carrying a color charge. The observation of three jets events in e+ e-annihilation 
confirrned the existence of the gluon. 
Due to its non-Abelian nature, gluons also interact with each other and the strength of the 
strong interaction increases as the distance between them increases. This feature is responsible 
f? the "quark confinement"4 . At short distances , namely at high momentum transfer, the 
tThe range of weak force is 五c/mwc2 = 200 Mey.fm / 80 GeY = 1/400 fm; 1 fm = 1Q-15m 
tThe long range force of the sもrong interaction is shielded by color confinement and the typical range is 
characterized by pion mass rather than gluon mass, hence 九c/mπc2 = 200 Mey.fm /130 MeY '" 1.5 fm 
4Quark con五nement actually 皿eansthat of color charge. 1n the perturbative QCD , the strength of color charge 
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coupling strength αs becomes small. This e旺ect ，“asymptotic freedom" , al10ws a perturbative 
treatment of the strong interactions at short distances. 
The Standard Model in a gauge theory based on the symmetry groups SU(3)xSU(2)xU(1) 
and contains particles listed in Table 1.1 and 1.2 and the Higgs boson. All experimental data 
are consistent with the Standard Model so far , but this model contains many parameters which 
cannot be fixed natural1Y' Our intention is to test the Standard Model and also to compare 
results with a model beyond the Standard Model in this thesis. 
To test the Standard Model, we chose the e+ e-collision experiment for two reasons. First , 
a very high energy is necessary to investigate the elementary interactions at short distances. It 
is given by a large colliding beam accelerator. Second, the e+ e-collision make clean signals 
compared to hadron-hadron collision. These features allow us to test the Standard Model 
precisely. 
An e+ e-collider called TRISTAN was constructed to search the top quarks and started 
operation in 1986. Although, the top quark was not discovered at TRISTAN energy (ys ~ 64 
GeV). It is the energy region where the interference between the electromagnetic and weak force 
is significant. For example, the effect of the interference is clearly seen in the differential cross 
section of the lepton and quark pair production. ln the next section, we describe the quark pair 
production aも TRISTAN energy. 
coupling (coupling among the quarks and gluons) is expressed by 1/ln(R-l) as a function of their distance (R). 
N amely the strength of the strong interaction increases 舗もhedistance between them increases. Therefore quarks 
are con五ned and don't exist by iも self.
C'hapter 1. Introduction 15 
1.2 Quark pair production in e+ε- annihilation process 
In the lowest order of the electroweak theory, Feynmman diagram of the quark pair proｭ
duction in e+ e-annihilation process is shown in Fig. 1.1. These quark pairs are produced via 
single photon or ZO boson propagation. 
e q 
q 
Figure 1.1: Feynman diagram of quark pair production in e+e-annihilation process. 
The di百ere凶al cross-section is expressed as the following formula [58] , 
dσ 3α2 
d cos ()
一一[ A(1 + cos2 () + B cos ()], (1.1) 
48 
with 
A dd+2eeeqUeUq況(χ) + (υ:+d)(u;+α~) 1χ1 2 (1.2) 
and B 4ee eq αeαq況(χ) + 8vevqαeαq Ix1 2, (1.3) 
where ()is the polar angle of the quark with respect to the electron beam direction ， αis fine 
structure constant, s issquare of the center of mass energy in e+ e-collision, ei is an electric 
charge in the unit of a positron charge, V and αare vector and axial vector coupling constant, 








eq2 ( 1-i 剖-4eq sin 9w= 
leql -'l-- -vr l-1+tsin2()w 
1 S 
16 sin2 ()w cos2 ()w 5-M~+iMzrz 
(q = u ,c,t) 
(q = d, 8 , b) 
(q=u ,c,t) 




where Mz , rz and sin()w are the mass, decay width of ZO boson and the Weinberg angle, 
respectively. 
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3 eeeqαeαq況(χ) + 2vevqαeαq 1χ1 2 




where A and B are the variables defined in Eq. 1.2 and 1.3, respectively, and the term including 
沢(χ) denotes the interference between γand ZO boson. Forward-backward asymmetry comes 
from V -A structure of weak current in the Standard Model. It indicates parity violation in the 
electroweak theory. Figure 1.2 shows a prediction of the Standard Model on AFB as a function 
of the center of mass energy. There were many previous experiments at the PEP (vs = 29 
GeV) , PETRA (vs = 35 '" 44 GeV) , LEP and SLC (vs '"91 GeV) collider. At TRISTAN 
energy (vs = 58 GeV) it has the largest negative value as found in the Fig. 1.2, because the 
interference between 'Y and ZO exchange amplitude becomes large. The measurement of AFB at 










25 50 75 100 125 150 175 200 
ゾs GeV/c2 
Figure 1.2: Forward-backward asymmetry of c and b quarks. 
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1.3 Heavy flavour tag using their semi-leptonic decays 
In order to measure AFB of the heavy quarks , we have to identify the quark fiavour and 
determine the direction of the quark or anti-quark. In reality, what we observe are not quarks 
but hadrons which contain quarks as their constituents. For instance, cc quarks produced in 
the reaction in Fig. 1.1, which we call a primary c quarks, subsequently pick up quarks from 
vacuum and form hadrons. When the c (c) quark pick up U (u) or d (d) and form a spin 1 
meson, it is called Dホ. Finally we observe its decay products. 
There are three distinct techniques to identify quark fiavours in the hadrons; D本 t a.g for c 
quark , lifetime tag for b quark and prompt lepton tag for c and b quarks, 
1. Since primary c quarks produced in e+ e-annihilation tend to form D本 meson ， they can be 
tagged by D*. Dホ is characterized by its small Q-value in its decay D吐→ DOπ土 . We can 
identify D窓 by reconstructing DO associated with softπand examining the reconstructed 
mass difference (MD. -MDo) 
2. Since B hadrons , which include b quark as their constituents, have relatively long lifetimes 
(in a sense their decay length is measurable) , we can identify the secondary decay vertices 
by the precise tracking device. By requiring the decay vertex well separated from the 
production point, we can distinguish b quark production from those of other quarks. 
3. Prompt leptons coming from the semi-leptonic decays are the most remarkable signature 
of the production of c or b quarks. The tagging of these leptons is, therefore, an effective 
mean to identify the heavy fiavour quarks and to derive an information of the quark charge 
(quark or anti-quark) at the same time. In the case of b quarks, e.g. BO( = bd) • D*+Z- v , 








Figure 1.3: Semileptonic decay of a B meson: BO → D件Z- D
Since VENUS contains in itself excellent devices such as the lead-glass calorimeter (LG) , 
transition radiation detector (TRD) and muon chamber system to distinguish leptons (e or 
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μ) from the other hadrons, we apply the prompt lepton tag to measure the forward-backward 
asymmetry of the heavy quarks in this thesis. Previous measuremnets have been performed 
with prompt electron or muon tagging [4 ,5]. But this is the 日rst analysis to succeed in prompt 
muon tagging at closer region to the quarks direction. The details of the prompt lepton tag are 
described in Chap. 4 and 5. 
As will be described in Chap. 1.4, the prompt leptons tend to have larger momentum than 
the leptons from the background process like π土→ μ土νμ ， K土 → l土 νl 7rO orγ → e+ e- . We can 
distinguish the prompt leptons by their momenta. But , to make presice measurement, we must 
well understand on backgrounds for prompt leptons and reduce the systematic errors. Hadron 
misidentifications are evaluated by control samles of pion and Monte Carlo simulation, which is 
also described in Chap. 4 and 5. 
1.4 Quark fragmentation 
Quarks once produced in e+ e-annihilation are governed by Quantum Chromo-dynamics 
(QCD). These quarks cannot be observed directly, but appear in groups of hadrons which are 
collimated toward the direction of the original quark. Such a group of collimated hadrons is 
called "jet". 















QCD phase phase 
Figure 1.4: QCD processes 
The first step of the evolution is the perturbative phase. Since the ener幻， scale is large and 
the coupling strength of the strong interaction αs is small in this phase, the perturbative QCD 
Chapter 1. Introduction 19 Chapter 1. Introduction 20 
anti-quark pairs or gluon pairs. 
The second is the fragmentation phase. In this phase the perturbative theory cannot be 
applied because of a larger α8 ， so phenomenological models must be used to describe the fragｭ
mentation processes. Assuming that the transition amplitude for a fast moving heavy quark Q 
to fragment into a hadron H = (Q-q) and a light quark q isproportional to the inverse of the 
energy transfer ムE- 1 = (EH + Eq -EQ)一 1 ， the following parametrization has been proposed 
by Peterson el al. [6] for heavy quark fragmentation: 
1 ( 1 E ¥-2 
D(z) α_:_ I 1 一一一_~-_) 
z¥ Z l-ZJ 
Experimentally, it is hard to determine Z on an event-by-event basis. Instead, the scaled 
energy of the hadron, x as defined bellow, is usually used for the expression of the results. 











This variable, which includes the e:fect of gluon emission in perturbative phase, is used in this 
work. 
As a result of hard energy spectrum of the c and b hadrons , its decay products tend to have 
larger momentum. A tagging of the prompt leptons with large momentum, therefore, provides 
a clean identification of the heavy flavour quarks events. 
The above parameterization is known to reproduce several experimental data well and used 
widely in modelling of heavy quark fragmentation. The only parameter of the model E is related 
to the squared ratio of the e:fective mass of the light quark to that of the heavy quark; 






Similar to the fragmentation parameter of z, it is hard to determine the quark direction. We 
define the quark direction as an unit vector of the thrust axis (ず)， w hich is defined so as to 
maximize the value of thrust (T). 
z(E + P/ / )hadron 










The thrust axis is uniquely determined in a event. In the VENUS detector, the quark direction 
can be determined by the thrust axis with an accuracy of 60 • The sign of the quark direction is 
assigned according to the charge of tagged leptons. 
Here P / / isthe longitudinal momentum with respect to the quark direction, (E + P )quark is 
the sum of the energy and momentum of the quark. Figure 1.5 shows shapes of the Peterson 
function (Eq. 1.9) for various values of parameter E. The energy spectrum of the heavy quarks 
are harder than that of the light quarks due to these heavy masses. 




































Figure 1.5: Shapes of the Peterson function for various values of parameter E Figure 1.6: Schematic view of thrust axis and jet axis. 
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To separate leptons from semi-Ieptonic decays of c and b quarks effectively, we also define 
the direction of a mother hadron in their decays. Because the thrust axis includes the effect of 
gluon emission as ilustrated in Fig. 1.6, we use the jet axis as the direction of a mother hadron. 
To form jets, we use the clustering of JADE algorithm [7], which is done as follows. At first , the 
scaled invariant mass square Yij is calculated for al pairs of particle i and j as follows , 
Yij = (ま) (1.14) 
where Mij isthe invariant mass of the particles i and j and Evis is the total visible energy defined 
in Chap. 3.2.1. Among al pairs the particle pair with smallest invariant mass is regarded as 
a pseudo-particle. Then this procedure is repeated until the scaled invariant mass square (初j)
of the pseudo-particle exceed a threshold value5. The remaining pseudo-particles are defined as 
jets. A jet axis is given as a momentum sum vector of the jet. Hereafter we define the transverse 
momentum Pt as those against the jet axis. 
1.5 Quark compositeness 
Using the present results of the measurements on the total cross-section and the forwardｭ
backward asymmetry, we will check the consistency with the Standard Model predictions. The 
possible deviations from the Standard Model predictions would signal new physics. 
As a mean to test the Standard Model, we take the contact interaction approach [8 ,9]. If 
quarks are made of constituents , new interactions among quarks should appear at the short 
distance which may be expressed as the inverse of the compositeness mass scale of A. Therefore 
if the SLandard Model predictions are consistent with the measured values, we can set the 
constraints as the lower limits on the compositeness scale. 
Eichten et al. presented the general formalism of the lowest dimensional contact 匤teractions 
which respect chiral invariance. Based on this approach, lower limits of a few Te V at 95% CL 
have been 問 onthe compositeness scale in purely leptonic contact interactions (eeee , eeμJ'..t， eeァァ)
by PEP, PETRA, TRISTAN and LEP experiments in e+ e-annihilation [10-17]. The composｭ
iteness scale of purely quark contact interactions has been also studied at the CERN pp collider 
and the Tevatron [20-25]. However, there have been few published limits on the contact interｭ
actions including both quarks and leptons. This type of contact interactions can be studied in 
the heavy quark production in e+ e-annihilation. 
The effective Lagrangian in the process e+ e一 → qq is defined as, 
乙一二三 εηij 仇 qjγμqj
i ,j = L ,R 
5In this thesis , we choose the threshold value as 0.05. 
(1.15) 
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+ e q 
e q 
Figure 1. 7: Contact interaction of e+ e一 → qq process 
Here, subscript of L , R denote chirality of an electron or quark current. By convention, the 
unknown coupling constant 9 is set to g2 /4π= 1 and the magnitude of the coefficientsηis set 
to be unity. Various types of interactions, which are reflected to the choice of ηij parameters, 
are considered as summarized in Table 1.3. 
Model ηLL ηRR 7JLR 
LL土 土1 。 。
RR士 。 士1 。
AA土 土1 土1 土1
vv土 士1 土1 干1
Table 1.3: Different models of the four fermions contact interaction 
This effects are investigated as the deviation from the Standard Model by using the measured 
values of the forward-backward asymmetry and the total cross-section of c and b quarks. This 
analysis is performed in Chapter 7. 
1.6 Outline of this thesis 
The outline of this thesis is as follows. In Chapter 2, we describe the e+ e-collider TRISTAN 
and VENUS detector. The descriptions of the event trigger and the data acquisition system are 
also contained. In Chapter 3, we describe how events are reconstructed from obtained data and 
then how backgrounds are reduced. Chapter 4 and 5 contain description of prompt electron 
and muon tags, respectively. In Chapter 6, we derive results on the measurement of the total 
cross-section σand the forward-backward asymmetry AFB. Finally, we discuss the obtained 
results and set lower limits on compositeness scale A in Chap. 7. 
Chapter 2 
Experill1ental Apparatus 
The data used in 七his analysis were collected by a general purpose magnetic spectrometer 
VENUS1 at electron-positron collider TRISTAN2 , which is located at National Laboratory for 
Righ Energy Physics (KEK) in Tsukuba, Japan. Figure 2.1 shows a layout of TRISTAN. It 
consists of three partsj injectors of linear accelerator (LINAC) , Accumulation Ring (AR) and 
Main Ring (MR). VENUS detector is located at one of the four interaction points FUJI on MR. 
A brief introduction to TR1STAN and VENUS detector is given below. 
2.1 TRISTAN 
TR1STAN started operation in November 1986. Then great efforts have been put in raising 
the beam energy of TRISTAN as much as possible. To achieve this goal, more than thirty 
cavities were added in the TRISTAN ring until summer of 1989. Finally, maximum centerｭ
of-mass energy of 64 Ge V was achieved in December 1989. The above period was called as 
TR1STAN Phase-I. 
1n February 1990, when SLC3 and LEp4 collider started operation at higher center-of-mass 
energy (Js = 91 GeV) than TRISTAN, TRISTAN Phase-I operation was started. 1n the second 
period, the emphas﨎 of the operation was set on obtaining as high luminosity as poss:ible. A 
pair of supercondl川ing quadrupole magnets (QCSs) were installed at each collision points until 
May 1991. The center-of-mass energy was fixed at 58 GeV to obtain the maximum luminosity. 
As a result , a peak luminosity of 1.02 pb-1 jday was achieved on 23 Nov 1991. Total integrated 
luminosity from November 1986 to May 1995 is about 400 pb- 1•. 
lVErsatile Nationallaboratory and Universities Spectrometer 
2τ'ransposable Ring Intersecting STorage Accelerator in Nippon 
3Stanford Linear Colliderj located at Stanford Linear Accelerator Center, USA 
4Large Electron Positron coliderj located at CERN, Switzerland 
tl pb-1=1036 cm-2 
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2.1.1 Injectors (LINAC) 
I吋 ectors consists of two parts; a positron generator and a main linear accelerator (LIN AC). 
Furtherrnore a positron generator consists of three partsj a high current pre-accelerator, a conｭ
version section and a post-accelerator. 
A pre-accelerator is a high current e-linear accelerator of 10 A and accelerates electrons up 
to 200 Me V. Then the electron beam strike a tantalum target. In the target , electrons induce 
electro-magnetic showers, i. epositrons are generated through electron-positron pair production. 
Positrons with certain rnomentum range are selected with a solenoid rnagnet and then accelerated 
by a post-accelerator up to 250 Me V. 
Main LINAC , which is 400 m long, accelerates electrons and positrons up to 2.1:> GeV. 
Electrons and positrons accelerated in LINAC are transferred to AR. 
2.1.2 Accumulation ring (AR) 
Accurnulation ring (AR) is a booster whose circurnference is 377 m and stores electrons or 
positrons from LINAC to the beam current more than 10 mA. After accumulation, an electron 
or positron beam is accelerated up to 8.0 Ge V and then transferred to MR. 
2.1.3 Main ring (MR) 
Main ring (MR) has a circumference of 3018 m and consists of 4 straight sections of 193 m 
1cngth, and 4 arc sections. Two e1ectron bunches and two positron bunches circulate in opposite 
directions (e1ectrons circu1ate clockwise and positrons, counter-clockwise) and collide wi th each 
other at the mid-points of the straight section. So there are 4 interaction points5 at which 
the colliding beam detectors are located. The beams collide every 5μs. A large portion of the 
straight section is allocated for RF6 cavities which accelerate the beams from the injection energy 
to the required collision energy and then compensate for a large energy 10ss due to synchrotron 
radiation. 
The energy 10ss (ムE) due to synchrotron radiation is expressed as 
D4 
?E ~ 0.0885 x =-(MeV /turn) , 
ρ 
(2.1) 
where E isthe beam energy in GeV and ρis the radius of curvature in meter. The amount of 
it is 254 MeV /turn at E = 29 GeV. 
The beam energy spread σE is expressed as 
主= 0.857 x ド× EF
ρ 
(2.2) 
which amounts to 49 MeV at E=29 GeV. The energy spread varies according to the frequency 
shift (ムfRF) applied to the accelerator by RF cavities. ムfRF is stable around 3 kHz during the 
runs of the present experiment. 
5Four interaction points are caled OHO, TSUKUBA, NIKKO and FUJI, respectively. 
RﾟF means "Radio Frequency" , practically it is 508.6 MHz 
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TRISTAN-MR parameters 
Circumference 3018 m 
Bending radius (p) 246.5 m 
Injection beam energy 8.0 GeV 
Max. beam energy 32.0 GeV 
Revolution frequency (frev) 99.33 MHz 
Beam current ( Ie) per bunch rv 8 mA 
N umber of bunches (Nb) 4 = 2 (e+) + 2 (e一 )
Beam size at collision point (σ; /σ; /σ; ) 300μm / 10μm /1 cm 
Max. luminosity 1.6 X 1031 cm -2 sec-1 
Max. integrated luminosity per day 1.02 pb-1/day 
Beam life 3rv4h 
Table 2.1: Parameters of TRISTAN-MR. 
The beam has approximate1y Gaussian shape with effective r.m.s.7 widths of about 300μm 
in the horizonta1 direction, 10μm in the vertical direction, and 2 cm in the beam direction at 
the intersection points in the TRISTAN Phase-I operation. Typical lifetime of the beam is 
3rv4 hours during a physics run. The parameters of MR are 1isted in Table 2.1. The luminosity 
is one of the most important parameters in the colliding beam experiments. The event rate, 
dN / dt , for a reaction having total cross-section σ ， is re1ated to the luminosity 乙 ofthe machine 
by 
dN 
dt - σι 




The beam current (Ie) is expressed as follows , 
Ie = enefrev 





The luminosity is determined by measuring the number of Bl叫ha scattering (ε+e一 elastic
scattering) events [26] 
7"r.ロl.s." ロleans root mean square. 
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2.2 VENUS 
VENUS is a general purpose magnetic spectrometer designed to study various reactions in 
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Detector component inner 1 outer length or polar angle radiation length 
radius [cm] z position [cm] Icos()1 [Xo! 
Beam pipe 4.8 + O.ll(thickness) 24 0.003 
VTX chamber 60 0.90 0.034 
CDC inner 25.0 rv250 0.007 
gas 一 0.0015 
outer 126.0 300 0.75 0.035 
TRD 127.0 1 157.7 296 0.68 0.219 
TOF 163.9 1168.1 233 0.81 0.099 
LG 197.0 1 230.0 615 0.80 18.0 
LA 0.79-0.99 20.3 
AM 一 0.989-0.999 





















Table 2.2: Geometries of VENUS components 
Figure 2.2: A schematic view of VENUS 
The coordinate system of VENUS is shown in Fig. 2.3. The z-axis is defined as along the 
e-beam direction. The y-axis is defined as vertical direction. () and c?are defined as polar and 
azimuth angle, respectively. 
一ーし一一一一一一一一一一一一一一一一一一て二4
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Its role is to measure the 
Active mask (AM) 
Active mask is a pair of cylindrical sandwich calorimeters [28]. 
2.2.2 
The 
Vertex chamber (VTX) 
The vertex chamber (VTX) is located at innermost place in the VENUS detector 
purpose of it is to precisely determine the decay vertex of hadrons such as B meson in the x-y 
2.2.1 
number of Bhabha events and stop the particles from the events such as beam-gas or beam-
beampipe interaction, so it is called "active mask". It consists of 0.1 cm thick lead sheets and 
2.5 and covers small polar angle regions of plastic scintillation fiber sheets as shown in Fig. 
2.60 rv 8.60 , 171.40 rv 177.4 0 • 
plane. It is a jet-type drift chamber which has the length, inner and outer radii of 60.0, 5.4 
and 14.4 cm, respectively. The chamber consists of 12 drift sectors, each of which has 16 sense 
anode wires, as shown in Fig. 2.4 [27]. The anode wire planes of al sectors tilt by the angle of 






Tilting is also useful for resolving what is 
called the left-right ambiguity of a track. To achieve good spatial resolution of '" 50μm ， we use 
what is called slow gas, a mixture of 92% carbon-dioxide (C02) and 8% ethane (C2H6) at 3 
atmospheric pressure. This provides us large gas volume of uniform electron drift velocity (f'V 7 
mmlμs). Since the drift velocity is proportional to the electric field and inversely proportional 
to the gas density, the electric field , pressure and temperature of the gas should be controlled 
with stability of more than 0.1 % in order to keep the drift velocity constant. 
region for the particles with any azimuthal angle. 
Central Drift Chamber (CDC) is a cylindrical multi-wire drift chamber [29] and is the main 
tracking device of the VENUS detector. The inner and outer radii of the gas volume are 25 cm 
and 126 cm, respectively. Its length is 300 cm. Itis filled with HRS gas (Ar:C02:CH2=89:10:1). 





Beam pipe , which is made of beryllium, is a part of VTX chamber. The material was chosen 
for its low density and strength against pressure. Its thickness, outer radius and length are 0.11 , 
9.8 and 24 cm, respectively. It is covered by 50μm thick titanium sheets to absorb X rays from 
beam breamsstraulung. 
Figure 2.5: Schematic view of active mask 
Central drift chamber (CDC) 2.2.3 
。 o ~ 
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chamber. It is nonflammable, stable against aging and less expensive. 
For the track reconstruction in the x-y projection (normal plane to the beam axis) , 20 axial 
layers of drift cells are provided. Every two layers are rotated by half a cell width and combined 
mto one double layer. The z coordinate is determined by using 9 stereo layers tilもed by 3 0 with 
円ELD SHA円NG
川NER SKIN 
All layers are grouped to form 10 “superlayer" s consisting of a pair of 
Furthermore, a half of the axial layers and one stereo layer, except for innermost superlayer. 
respect to the z axis. 
Figure 2.4: Schematic view of VTX 
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もhe cylinders are lined with aluminum foil , in order to eliminate outgasses and provide a good 
electrical property. 
superlayers have an offset of one quarter of a cel width with respect to the other superlayers, 
in order to avoid a radial alignment of worse quality regions. If we ignore this small offset , the 
arrangement of the cells has a 32-fold symmetry in azimuth. The symmetry allows us to design 
Transition radiation detector (TRD) 2.2.4 
a simple and eficient track trigger logic. One rectangular drift cell of 1.7 cm high and typically 
2 cm wide contains one sense wire at the center and surrounding 6 potential wires. The sense The transition radiation detector (TRD) is a large cylindrical detector, extending from 127 
cm to 157.7 cm radially and 296 cm in z direction. It covers the angular region of 1 cos f) 1 三 0.7wires are gold-plated 30μm-thick tungsten-rhenium (3%) alloy and stretched with the tension 
[30] of 60 gW. The potential wires are gold-plated 140μm-thick molybdenum with the tension of 
Figure 2.7: Schematic view of TRD 
When a charged particle of a Lorentz factor γ さ 0(1000) traverses the boundary of two 
media, having different dielectric constants, an X-ray called as “transition radiation" is produced 
along the particle trajectory. The differential flux is expressed by the following formula, 
300 gW. Molybdenum was chosen because of its large yield. Itmakes easier to replace defective 
wires after completing the chamber. The maximum gravitational sag is 250μm for the sense 
wires and 600μm for the potential wires. The drift field is provided by applying a positive high 
voltage, typically 2.1 k V, to the sense wires. The potential wires are grounded. The electric 
field is almost radial near the sense wire up to a distance of about 5 mm, while the effect of the 
potential wires is significant outside the region. 
Figure 2.6 is a view of CDC in the x-y plane. Charged particles produced at a central region 








































d2S 2αf) 3 (1 1 ¥ 
dωdf) π\1/γ2+ωr/ω2 + f)2 1/γ2+ωi/ω2 + f)2 ) 
unit 
where 叫 ω1 ， 2 are the frequency of X-ray and plasma frequencies8 of the medía, respectively， αis 
the fine structure constant (α= 1/137) and f) 﨎 the emission angle with respect to the particle Figure 2.6: A (a) x-y view and (b) cel co凶guratíon of CDC 




山口同二十州一一円α一3一一cυ The endplates are 2 cm-th兤k aluminum plates having a curved shape. The shape was chosen (2.8) (forω1 >>ω2) to minimize the deformation due to the wire tension. The maximum deformation was measured 
and is found to be proportional to Lorentz factor γ. to be about 0.05 cm, consistent with the calculation. The wire tension applied to the endplates, 
One is a “radia七or box" which contains polypropylene TRD consists of two components. amounting to 9 ton in total, is supported by the outer cylinder made of 0.5 cm-thick CFRP 
(carbon-fiber reinforced plastic). The use of CFRP allows us to reduce the material thickness 日bers (ω1 =20e V) and a hel咊m gas (ω2=0.28eV). The other is an X-ray chamber which has 
a thickness of 2 cm and is filled with gas mixture (Xe:CH4=90:10) to detect the transition 
8Pl組問 frequency of a medium are related as follows , w vn初日， where ηis refr叫ve index of the 
medium, e iselectric charge ， εo is a dielectric constant of vacuum and m ismass of the electron. 
The VENUS CDC is the first large-size drift to approximately 1/2 in the case of aluminum. 
The chamber that has employed CFRP as a major component of the mechanical structure. 
The inside surfaces of inner cylinder, made of 0.1 cm-thick CFRP, serves as only a gas seal. 
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radiation. TRD is divided into eight sectors in azimuth as shown in Fig. 2.7 and eac.h sector 
has four layers of the radiator box and X-ray chamber. Thus 32 pairs of radiator box and X-ray 
chamber comprise the detector. The total radiation thickness of TRD is 0.18 Xo ・
2.2.5 Time-of-flight counter (TOF) 
TOF consists of 96 plastic scintillator with dimensions of 4.2x10.8x466 cm3 [31]. These 
counters are placed inside of a solenoid coil at the radius of 166 cm and cover the range of 
IcosBI 三 0.8 1. There are 0.3 cm gaps between two adjacent counもers. These gaps cause the 
inefficiency of about 3%. Each end of the scintillator is viewed by a photo-multiplier tube 
(PMT) through a 145 cm long acrylic light guide. The time resolution is estimated to be about 
200 nsec by using Bhabha and μ+μ- events. 
By combining the time and the momentum measured by TOF and CDC , respectively, the 
7r /K/P separation for p < 1 Ge V / c ispossible. TOF is also used for event trigger. 
2.2.6 Magnet system 
The magnet system consists of a superconducting solenoid, a fiux return yoke, a helium 
refrigerator and a high current power supply. The superconducting solenoidal coil has its diｭ
mensions of 177 cm in radjus and 527 cm in length. It provides a uniform magnetic field of 7.5 
k-Gauss in the beam direction. Its s叩erconducti時 material is Nb-Ti/Cu・ The excitat:ion curｭ
rent is 3980 A at 7.5 k-Gauss. The material thickness in the radial direction is made exceedingly 
thin , 0.52 Xo ・
The iron return yoke supports the magnetic force of about 230 ton with a maximum elastic 
deformat卲n of 0.04 cm. The cryogenic system keeps the temperature of the solenoid below 4.5 
K. The stored energy is estimated to be 11. 7 MJ. 
The magnetic field in a volume of 3.2 m diameter by 4 m length was measured by using a 
nuc1ear-magnetic resonance (NMR) probe and the hall probes for the three dimensional compoｭ
nents with the accuracy of the order of 10-4. The uniform field of 7.5 k-Gauss was obtained in 
the entire CDC region w咜hin a standard deviation of 0.3 % [32]. 
2.2.7 Barrel lead-glass calorimeter (LG) 
The ro11 of the lead-glass calorimeter (LG) is to detect and measure the energy of electroｭ
magnetic particles such as electrons and photons. It is located between the solenoid c:oil and 
iron return yoke with the radial range of 197-230 cm and length of 615 cm [3]. It covers 
a range of angle 1 cos B I 三 0.80. LG calorimeter consists of 5160 lead-glass Cherenkov counter 
modules and is segmented into 120 blocks in the φdirection and 43 blocks in the z-direction. A 
LG module is made of DF6 whose main components are PbO (70.9 %) and Si02 (27.3 %), and 
has properties such as the radiation length of 1.69 cm, the critical energy of 12.6 Me V and the 
refractive index of 1.805. The typical size is 12.0x11.6 cm2 in cross-section and 30 cm in length, 
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corresponding to 18.0 Xo ・ The schematic cut view of a LG module is shown in Fig. 2.8. A 
3-inch PMT surrounded by aμ-metal magnetic shield is attached to each LG module together 
with a plastic light guide of 5 cm in length. At the central part of LG calorimeter, the boxｭ
and grid-type of PMTs are used, while at the both end parts where the leakage field is 20 to 30 
Gauss, mesh-type are used. High voltage ranging from -1.5 to -2.0 kV is applied for PMTs 
during data taking. In order to trace the gain fluctuation of the PMTs, a monitoring system of 
a Xe fiash tube w咜h an optical fiber bundle is used. 
Heol 山rinkoble lube 




Figure 2.8: Assembly of a lead-glass module. 
LG blocks are pointed to the interaction region to min匇ize multi-hit probability of a particle. 
LG is divided into seven sections in the z-direction, and the lead-glass blocks are set para11el 
within each section as shown in Fig. 2.9. In this con五guration ， LG blocks are tilted by 00 to 140 
with respect to the line which point to the interaction point. In the x-y plane, al LG blocks are 
tilted by 30 with respect to the radial line. This semi-tower geometry prevents a particle from 
escaping through 0.15 cm gaps between blocks. 
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Figure 2.9: 8chematic view of LG 
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Energies are measured with Cherenkov lights (,,-, 103 photoelectrons for a 1 Ge V electron) 
which are radiated by charged particles in electromagnetic showers. Such a high energy shower 
develops by successive bremsstrahlung and electron-positron pair creation by photon until their 
Below the critical energy, ionization by collision processes energies reach the critical energy. 
Figure 2.10: Schematic view of LA dominates. 80 the total amount of the light yield is proportional to the energy deposit in LG 
blocks. The relation between the energy and the light yield was calibrated by using the electron 
Muon chamber system 2.2.9 
beam from the internal target beam line (IT4) at TRI8TAN-AR [34] 
The muon chamber system covers the large outermost area of VENUS to detect muons 
Both 
parts consist of four layered array of extruded aluminum modules, each with 8 cells of drift 
tubes. A module consists of two layers of four cells staggered by a half cell as shown in Fig. 
[38 ,39]. It consists of two main parts: the barrel part and the forward-backward part. 
( LA ) 
LA is a sampling calorimeter for measuring the energies of electromagnetic shower induced 
by electron and photon in the forward and backward region. A pair of liquid argon calorimeter 
Endcap liquid argon calorimeter 2.2.8 
2.11. 
are installed between CDC and endcaps of 七he return yoke. Each one covers an angular range 
Each calorimeter consists of 480 tower structure of 0.79三 IcosO I と 0.99 as shown in fig 2.10. 
Each cel has cross-section of 5x7 cm2 with the wall thickness of 0.25 cm on average. Lengths 
modules which look at the point 80 cm away from the interaction point on the beam axis to 
of the modules are 760 cm for the barrel part , and vary from 245 cm to 505 cm depending on 
the location for the forward-backward part. The sense wire of 70μm in diameter made of gold-
prevent a particle from escaping through gaps of 3.0 mm. Fig. 2.10 shows a view of LA. Each 
plated tungsten with 3 % rhenium is stretched at the center of each cell with a tension of 400 
gW. The tubes are filled with P-10 gas (Ar:CH4 = 90:10). High voltage of 2.7 kV is applied to 
tower module consists of 71 calcium-lead plates of 0.15 cm thick which corresponds to 20.3 
Xo ・ The whole calorimeters are filled with liquid argon of 86 K. Lead plates of each tower are 
electrically segmented into four groups, so each side of the calorimeter has 1920 channels of 
each sense wire and the tubes are operated in a proportional mode. 
In the barrel part , inner three layers of the modules, interleaved with 20 cm thick iron filters , 
measure the x and y positions of the penetrating particle. The outermost layer of module, 
signal read-out [37]. 
which is located just outside of the third layer without any iron filters , measures the z-position 
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sense Wlre 2.3 Event trigger system 
3.5 ゆ70凶n
5 • 
The trigger system is composed of two levels; a first-level trigger designed to work between 
beam crossings and a second-level trigger which is a slower software track trigger. 
2.3.1 First恒level trigger 
uni七: cm 
The trigger decision must be made within a collision interval of 5μsec ， so the above system 
consists of hardware logics only. The first-level trigger is issued when the beam-crossing signal 
and the signal issued by trigger generation circuits coincide. Inputs to the trigger decision 
module are track patterns reconstructed by CDC and analog-sum signals from calorimeters as 
shown in Fig. 2.12. Details of these are as follows. 
28 
Figure 2.11: A module of muon chamber. 
of the track. In this region, the main absorbing material along the particle path emitted from 
the interaction point consists of the lead glass calorimeter, their support rings made of 17.5 cm 
thick iron and 10.0 cm thick aluminum, the return yoke made of 30.0 cm thick iron and two 
muon filters , each comprising 20.0 cm thick iron. Thickness of each muon filter is chosen to 
be about 1 nuclear absorption length. Distances between the return yoke and the first muon 
filter and between 2 muon filters are chosen to minimize possible decays of surviving 7f土 and
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Figure 2.12: Trigger logic 
τ'rack pattern recognition with track-finder module in Fig. 2.12 is as follows. The axialｭ
layers cells of CDC are grouped to 64 trigger-cells in each superlayer, divided in azimuth. A 
track-finder module recognizes tracks by comparing the trigger-cell hit pattern from inner 7 
superlayers with a pre-loaded look-up table [40]. The pattern of the look-up table is so de五回d
that the track finders should have nearly the ful efficiency for tracks which have high transverse 
momentum Pxy with respect to the z axis as shown in Fig. 2.13. 
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• LG segment sum 
At least 2 tracks are recognized by “track finder" and at lease one of LG segments has an 
energy deposi七 larger then 0.7 GeV. 
Simulation 
! Data 
• LG total sum 
A total energy deposit in LG is lager than 3 Ge V. 
• LA sector sum 
At least one of LA sectors has an energy deposit larger then 2 Ge V. 
• LA total sum 
At least one side of LA has a total energy deposit lager than 4 GeV. 
• Active mask trigger 
Total energy deposit larger than 10 Ge V in back-to-back configuration9. 
0.5 0.6 0.7 0.8 
• Random trigger 
Random trigger is made by beam-crossing signal. Beam-crossing signal is scaled down by 
a factor of 2 x 106. This trigger occurs every 10 sec. 
Transverse momentum (GeV/c) 
Figure 2.13: 官igger efficiency of the track finder 
2.3.2 Second-level trigger 
For event trigger, LG calorimeter is divided into 58 segments i.e. 7 segments in the z-direction 
and 8 or 10 segments in the ゆ direction. The analog-sum signal of each segment is used for LG 
segment trigger. Also al 58 segment-sum signals are sent to an analog-sum circuit and then the 
analog-sum signal is used for LG total trigger. Similar to LG , each of LA calorimeter is divided 
into 12 sectors in azimuth and each sector is further divided into inner (0.91 三 Icos BI と 0.99)
and outer (0.79 三 I cosBI 三 0.91) part. Thus analog-sum signals from the 48 sectors in both sides 
are used to form LA sector trigger. Analog-sum signals of 48 sectors are sent to an analog-sum 
circuit and then the analog-sum signal is used for LA total trigger. 
The first-level trigger based on the above information are as follows. 
• Coplanar trigger 
For the coplanar trigger condition, the acoplanarity angle between two tracks must be less 
than 10 o. The acoplanarity angle is defined as the supplementary angle in the x-y plane 
between the two tracks and expressed as 
A second-level trigger uses a slower software. At the first-level , we find tracks in CDC by 
making use ofthe track finder. Its information is sent to another electronic circuit which makes a 
ゆ correlation by combining the information from TOF counters. Flexibility and high granularity 
in the 五rst level trigger require an increased number of wires and a complex circuit. However, the 
logic in the ゆ correlation is limited by hardware restriction. Indeed, the TTL triggered events 
contain large backgrounds which originate from the interaction of the beam particles with the 
beam pipe. When a event is taken by the only TTL trigger, the second-level trigger is applied to 
the event. A micro-processor 68K20FPI carries out a re五ned track finding by combining CDC 
and TOF hit information in the ゆ regions where tracks have been found at the first-level trigger. 
The second-level trigger can improve the vertex resolution, and thus reduce the background 
events. Itreduces the number of TTL triggered events to about 50 %. The total trigger rate is 




→卯一同五岡? ? ? ?
Qリ?pし一一? ?????
? ?
9The back-to-back configuration means that the signals are induced at both symmetric positions of a pair of 
active mask. 
(2.9) 
where 丙 andM are the momentum vectors projected onto the x-y plane. 
• Two-Track-Limited trigger (TTL) 
Condition of the TTL trigger (the acoplanarity angle cut) is looser than that of the coplanar 
tr刕ger and is extended to 250 • 
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The data acquisition system [41] has a tree-like structure as shown in Fig. 2.14. For the 
front-end electronics, several data buses such as CAMAC10 , TKOll) and FASTBUS12 are used. 
These buses handle about 30000 electronic readout channels in totaL All digitized data from the 
front-end electronics of the detector components are transferred to FASTBUS memory buffers 
and collected by a 68K20FPI module on FASTBUS whenever an event trigger occurs. And then 
al data in 68K20FPI are read by an on-line computer VAX6320. 
The collected data are sent to a main frame computer FACOM M1800 via optical fibers and 










Representation I m仙le name 
1 
13 
68K20FPI FASTBUS Processor Interface with 68020 micro-processor 
DRB general purpose bus of DEC 
TDR τrigger Decision Module 
TFC τ'rack Finder for CDC 
IOR I叩凶jOutput Register 
MUL Majority Module 
SSI Simplex Segment interconnect 
AT Active Terminator of cable segment 
T Terminator of cable segment 
FCI FASTBUS-CAl\在AC Interface 
MP Memory Partner 
CH Controller Head 
SCH Super Control Head 
MRB Multi-Record Buffer 
SMI Segment Manager Interface 
TAC Time-to-Amplitude Converter 
SADC Scanning ADC 
FADC Flush ADC 
CAT Calibration & Trigger Module 








Table 2.3: Lists of modules in the DA system 
lOCAMAC isan international standard of modularized electronics as de五nedby the ESONE Committee of the 
JRC , Ispra. 
llTKO is a system of front-end electronics developed at KEK [4]. 
12The standard modular high-speed data acquisition and control system def?ed by ANSljIEEE std 960-1986 
, , -T一一・6
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Figure 2.14: Data acquisition system of VENUS 
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Reconstruction in the x-y plane. 
The track reconstruction in the x-y plane is performed as fo l1ows, 
Chapter 3 
1. An “initial road" is searched at the outermost two layers of CDC. If hits are found in both 
layers, the 'road' of a track is defined. Thus, four possible combinations of a track due to 
left-right ambiguity are taken into account as shown in Fig. 3.1. 
Event reconstruction and Data 
2. Then candidate hits along the “road" are searched. The left-right ambiguity is solved by 
fitting with axial wire positions. To find a most likely track, the least χ2 fit is performed 
by eliminating hits of poor quality. If X2 exceeds 5.0, the track is abandoned. 
reduction 3. The curvature of the track is calculated from the above formula and some relevant quanｭtities such as charge and Pxy are calculated. 
Data taken by the DA system are composed of digitized quantities from ADC , TDC and etc. 
80 they are called “Raw data" and need to be reconstructed as tracks and clusters before physics 
analysis. Then the reconstructed events are classi五edinto several categories, e.g. hadronic events, 
low multiplicity events and Bhabha events, depending on physics analysis. In this chapter, the 
method of event reconstruction and data reduction are presented. 
3.1 Event reconstruction 
(a). Define initial road a七七he outermost two layers 
Event reconstruction is a process to convert raw data to physical quantities such as tracks 
and c1usters. 
3.1.1 Track reconstruction in CDC 
The measurement of momentum and charge of a charged particle is performed by reconｭ
structing its trajectory in CDC. The track recons七ruction in CDC is carried out by using the 
pattern recognition program named PERPR [45 ,47]. 
8ince a magnetic field of 7.5 kG is applied along the z-axis, the charged particle spirals in 
the 3 dimensional space and thus its trajectory makes a circle in 七he x-y plane. The projected 
momentum in the x-y plane Pxν(GeV jc) can be obtained from the relation 
(b) , Search hit cells along the load 





where B is the magnetic 丘ux density in kG , and p is the radius of curvature in cm. In the 
PERPR program, track reconstruction in the x-y plane is done by using axial wire informations 
at first. If we succeed the above reconstruction, we try to reconstruct a track in the three 
dimension by using slant wire informations. 
(C). Obtain the rnost probable trajectory 
Figure 3.1: Track reconstruction proced ure: (a) to determine the ini tial road, (b) to search for 
hit cells along the road and then make a trajectory fit , and (c) to obtain the most probable 
trajectory 
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Tracking performance. Reconstruction in the Z-8 plane. 
For charged tracks in the range of 1 cos 01 ::;0.75 where they are able to pass through al axial 
and slant layers of CDC, tracking performance has been evaluated using Bhabha scattering 
events. The vertex resolutions for high-pxy tracks have been found to be 
Slant-layer hits are used in association with axial-layer hits to determine a three-dimensional 
Since slant wires are inclined by 3.5 degrees with respect to axial wires, the Z trajectory. 
coordinate of the track can be given by 
μm 
cm 
σvertex (xy) ~ 460 
σvertex ( z)~ 0.67 
(3.2) 
where d isthe distance between the axial track and the stereo hit ， αis the slant angle (3.50) 
and .eis the wire length of the slant wire projected onto the beam axis . 
.e d 
Z ="2 tan α' 
In the same way, the angular resolutions in the azimuthal and polar angles have been estimated 









where Zmin is the distance at the closest approach in the x-y plane, 8 is the length of arc element 
and dz / d8 is the gradient. The track finding algorithm is similar to that for the x-y plane. These 
configuration of CDC track is illustrated in Fig. 3.2. The momentum resolution is found to be 





with p and Pxy in Ge V / c in a magnetic field of 7.5 kGauss using cosmic ray and Bhabha 
The first term in Eq. (3.4) is contribution from multiple coulomb scattering by data samples. 
materials in the tracking volume, i.e. the chamber gas and the wires. The second term is due to 
measurement error in the drift distance. The reconstruction efficiency for the high-pxy charged 
tracks in the range of 1 cos 01 ::;0.75 has been studied by collinear Bhabha events and found to 
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Figure 3.2: De五nition of track parameters: (a) Rmin and (b) Zmin ・ Both 五gures show in the case 
of negative values. 
Here the distance of the closest approach to the interaction point in the x-y plane is de五ned
as Rm叶 We define Rmin 
the circle of a track. 
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3.1.2 LG Clustering 
Since an electromagnetic shower generally spreads over several LG blocks, the shower energy 
and its incident position should be determined by an appropriate clustering method. 
Clustering method. 
The intrinsic limitations in spatial resolution are firstly given by detector granularity, and 
secondly given by lateral spread of the electromagnetic shower which is mainly caused by multiple 
scattering of low-energy electrons that no longer radiate any photons and drift away from the 
shower center axis. A proper scaling variable for the lateral shower distribution is the Moli鑽e 
radius 1 RM which corresponds to 2.8 cm for lead-glass (DF6). 
Accordingly, several blocks share the shower energy permitting the measurement of the 
shower center position. The clustering and the measurement of the shower center are performed 
as follows: 
1. Starting from a module which contains the highest energy, neighboring modules are exｭ
amined whether they belong to the same cluster or not. Thus , a “connected region" is 
formed by searching al neighboring modules adjacent in the ゆ or B direction. 
2. The shower energy is calculated by summing up the energies in the same cluster. 
3. The incident position of the showering particle is determined by the energy weighted 
average of the position of LG blocks in a cluster as follows: 
Xrl"".? l: Eαz cluster 芝EO: ' (3.5) 
where x is 七he central φor B-position of a block α= 0.34 which was optimized by a shower 
simulation calculation using EGS4 program [48]. 
Performance of LG cluster reconstruction. 
The energy resolution for an electron evaluated using e+ e一→ e+e- ， e+e-， and e+e-e+e 
events is given as 
R _ __.. 0.07 
ーさ = 0.025 +一τ弓
_b' vE' 
(3.6) 
w here E is in Ge V. The first term accounts for the effects such as instrumental noise, shower 
leakage and inter-calibration error, whereas the second term come from the statistical fluctuation 
of the number of photoelectrons. The angular resolution of the calorimeter can be studied by 
comparing the measured shower center position with CDC track extrapolated to LG module 
surface for large angle Bhabha scattering. The angular resolution has been measured to be 
σF=4.0mM， 
σ;G=52mM (3.7) 
lMol注目 radius is given by RM = 21Xo/ Ec) where Ec isthe critical energy for もhe detector materiaJ in Me V. 
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3.1.3 LA Clustering 
Clustering method. 
The cluster 五nding algorithm for LA is similar to that for LG except that only adjacent 
towers are included in the search and not for towers in diagonal direction. The center of the 
cluster is measured by a shower-profile method. It is known that the lateral shower spread E(x) 
of the electromagnetic shower can be expressed by the following double exponential form [49]: 
Ixl\ , T.1 _ I Ixl E(x) さ E1 叫(一一)+ E2 叫(一一)，入1 入2 (3.8) 
where x isthe lateral distance from the shower center, and 入1 and 入2 represent the shower extenｭ
sion. The first term is the central component which describes the multiple coulomb scattering of 
the electrons and positrons in the material. The second term is the peripheral component which 
arises via isotropic propagation of photons. 1n principle, the shower center can be obtained by 
solving the above equation but this is generally di伍cult. To make the problem easier, only one 
exponential term has been considered. The slope parameter 入 has been taken as a function of 
lateral energy so that 
with 
入 = g(y) , 
1. E. 




where Ei represents the energy deposit in the i-th tower. The function g(ν) has been parameｭ
terized for high-energy electromagnetic showers by using EGS4. 
Performance of LA cluster reconstruction. 
The energy resolution of LA calorimeter has been studied using radiative Bhabha scattering 
events, and found to be 
R _ _ . _ 0.102 
壬= 0.016 +ーで==-，
_b' vE' (3.11) 
w here E is in Ge V. Similar to LG , the 五rst and second term are due to intrinsic noise and 
statistical fluctuation , respectively. The normalization factor for the energy calibration is given 
by measuring the energies of Bhabha events. The angular resolution of the calorimeter has been 
studied by the same method as that used for LG. 1t is obtained to be 
σY=29mrad? 
,. A 2.6 
σ，j. = ーで一一::;- mrao, 
γsmσ 
where errors are determined by fitting the result. 
(3.12) 
(3.13) 
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3.1.4 The transition radiation energy clustering in TRD 3.2 Data reduction 
We measure the transition radiation energy in TRD in order to separate electrons from 
pions. Energy clustering in TRD is necessary to calculate the transition radiation energy for 
each charged particle. The TRD detector has four modules of a pair of radiator and X-ray 
chamber as mentioned in Chap. 2.2.4. We can measure the transition radiation energy in each 
module independently. 
Energy clustering in TRD. 
The transition radiation energy ETRD for a CDC track is calculated as follows. 
To study the forward-backward asymmetry of events which contain c or b quarks , it is 
necessary to reduce a lot of physical backgrounds such as two-photon process (γγ → hadrons) 
and T pair production (e+ e- → T+T一) from al of obtained events. 
3.2.1 Hadronic event selection 
1. We extrapolate an CDC track to TRD and then search for wire hits. 
Hadronic events produced via a single photon or ZO boson (e+ e- → γjZO → qij → hadrons) 
are characterized by the a large charged multiplicity Ngoodl large visible energy Evisl small 
balance of momentum along the beam direction 九al and large invariant mass of jets Mjet. We 
select hadronic events by the requirements as follows. 
2. To calculate the transition radiation energy at a module, the pulse height of the hit wires 
(i) are summed. 
ETRD = L ADCi . Ci(Z , c? (3.14) 
1. Ecal > 5 GeV 
Eωis de五ned as the total energy deposit in LG and LA calorimeter within 1 cos 01 < 0.89 
This cut is effective to reduce two-photon events. Two-photon process is collision of two 
virtual photons emitted by beam particles. 
where ADCi isthe pulse height given by the ADC modules and Ci is the gain correction 
factor as a function of wire position (z and ゆ). F\凶hermo町 g(t) is a gain factor at a time 
of t. The gain and its correction factors are described bellow. The variables d and L are 
the thickness of the chamber (2cm) and the path length of the track, respectively. The 
pulse heights are thus normalized to those for a normal incident track. If a wire is hit by 
more than one track , the accumulated pulse height is divided among them in proportion 
to もhe corresponding gain factors Ci( Z ， ゆ) . g(t) and path length L 
2. Ngood と 5
Ngood is defined as the number of good tracks, where good track means well reconstructed 
track in CDC which satisfies the following requirements, 
Gain correction. 
N axial wire hits > 8 
Nslant wire hits > 4 
1 Rmin 1 < 2cm 
IZminl < 20 cm 
IcosOI < 0.85 
PX3日 > 0.2 GeV jc 
Gain variation of X-ray chambers is due to two different sources. The first one may be called 
“local effects" and is time independent. The variation of wire displacement due to gravitational 
sag and deformation of the cathode surface belong to this category. These effects are supposed 
to be stable in time, but cause a local difference in gain. It is calibrated by measuring the 
mono-chromatic X -ray from 109 Cd (E.γ = 22 KeV) [50]. 
The second one may be called “global effects" and is time dependent. The variation of 
atmospheric pressure, temperature and gas composition belong to this category. 80 there is a 
gain stabilization system which consists of a gas gain monitor and a control system of supplied 
high voltage. The gas gain monitor is composed of 55Fe X-ray source and X-ray chamber 
itself. We continually monitor and record the peak values of the 55Fe X縄問y measured by Xｭ
ray chambers during the data taking. In order to correct this global e百ects ， we made a offiine 
database of gain variation as a function of time period (t). 
where Pxy is the amount of a projected momenta into the x-y plane. This cut is effective 
to reduce lepton pair production and two-photon events. 
3. Evis > Ebeam 
Evis means total visible energy and is defined as a sum of absolute momentum of good 
tracks and total energy deposit in LG and LA calorimeter. This cut is also effective to 
reduce two-photon backgrounds. 
4. Pbal ~ 0.4 
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where pz and Ez are z component of momenta of a good track and a cluster energy, 
respectively. This cut is effective to reduce two-photon backgrounds. 
3.2.2 Rejection of hadronic events with hard initial-state photon radiation 
5. Mjet > 3 GeV jc2 
We define a pair of jet masses Mjet as an invariant mass of particles which belongs to each 
hemisphere divided by a plane perpendicular to the thrust axis. We require that at least 
one of them should be larger then 3 Ge V / c2. This cut is effective to reduce tau pair events. 
If one or more photons are emitted in the initial-state, the effective center-of-mass energy of 
the subsequent e+ e-collision, #, is lowered from the nominal center-of-mass energy y's = 58 
GeV as shown in Fig. 3.4a. When we study the quark pair production, only events of which 
R ~ y's is interesting for us. Therefore we reject events in which photons in the initial-state 
radiation have a large energy. On the other hand , photons in the final-state radiation don't 
lower the energy 8' and associate with the corresponding quark jets as shown in Fig. 3.4b. To 
reject only events with initial-state photon radiation, we also require that the photons isolate 
from the jets. 
Figure 3.3 shows the distributions of each cut variables after al of the above selections, where 
plot and histogram indicate the experimental and Monte Carlo data, respectively. 
e q e q 
(1). Total calorimeter energy (2). Number of good track 
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+ e q + e q 
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Figure 3.4: Feynmann diagram of quark pair production (a) with initial-state photon radiation 
(b) with final-state photon radiation. 
(3). Total visible energy 
4000 4000 Events which fulfil any of the following requirements are rejected as hadronic events with 
hard initial-state photon radiation. 
2000 2000 
1. There exists a LG or LA cluster with Ecluster > O. 75Ebeam. 
。 o 123 




2. When a LG or LA cluster with Ecluster > 0.5Ebeam exists, we require that the number of 
tracks in the 300 cone around an axis which connects the center-of-gravity of the cluster 
to the interaction point is less than two as a requirement of photon isolation. 
(5). Jet mass 3. No track exists in either of the hemispheres. 
1000 
十 RealData 
n Monte-Carlo Data 
2000 
• Cut Valu 
We have studied effects of these rejection by using Monte Carlo simulation. Figure 3.5 shows 
the spectra of the scaled effective center-of-mass energy (8'/ s) , where dashed line indicates al 
of hadronic events, solid line indicates events just before the rejection and shaded histogram 
indicates those after the rejection. Low 8' events (s' / 8< 0.5) are obviously reduced 
Figure 3.6 shows a typical hadronic event with hard initial-state photon radiation. In this 
event, an initial-state photon is clearly isolated and the other hadrons are collimated to the 
opposite direction against the photon. 
10 20 30 
Mjet (GeV) 
Figure 3.3: Distributions of the cut variable after hadronic event selection 
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Rejection of radiative Bhabha events and electron inclusive events in 3.2.3 106 
two-photon process 
After the above selections, some backgrounds which include electrons stil remain. Two such 
examples are radiative Bhabha events and electron inclusive reaction in two-photon process as 
Al hadronic events 
After the hadronic event selection 





七wo-ph七on process (b) . 
e e 
Y 
shown in Fig. 3.7. 
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Figure 3.5: Effective center-of-mass energy (s' / s)spectra of hadronic events. Solid and shaded 
histograms indicate events before and after the rejection, respectively. All of the hadronic events Figure 3.7: Feynmann diagrams of (a).radiative Bhabha and (b).two-photon process. 
generated initially are also indicated by dashed histogram. 
A remaining typical radiative Bhabha event is shown in Fig 3.8. Both of primary electron and 
positron radiate photons and then each photon converts into a pair of electron and positron. In 
this case, the numbers of charged tracks increase up to six and energy deposit in the calorimeters 
become large, thereby this type of events satisfy al the selection criteria. 
ト
ト
Figure 3.6: A hadronic event with hard initial-state photon radiation 
Figure 3.8: Radiative Bhabha event 
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Some of two-photon events, in which either or both of scattered electron (positron) would be 
detected in the VENUS detector, also remain. To study the forward-backward asymmetry by 
tagging prompt electrons, these backgrounds are harmful and not negligible. A typical electron 
inclusive event in two-photon process is shown in Fig. 3.9. 
Figure 3.9: Electron inclusive event in two-photon process 
To reduce these backgrounds, we reject events which satisfy any of the fo11owing criteria. 
1. To reduce the radiative Bhabha events, we reject those which have two energetic clusters 
in LG or LA associated with CDC tracks. Here energetic cluster is defined as clusters 
which have energies larger than 15 GeV. 
2. To reduce the electron inclusive events in two-photon process, we reject those in which 
there exist only one track whose E /p is lager than 0.7 in each of the hemispheres, Here, 
E /p is the ratio of the corresponding energy deposit E of a cluster to the momentum p of 
the track. If the tracks correspond to electrons, the values of E /p are rv 1. 
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3.2.4 Summary 
The efficiencies of a1 the selections described above are evaluated by using the event generator 
JETSET 7.3 [52] and the detector simulator VMONT (see Appendix C). It is found to be 74.9% 
for prompt lepton inclusive events as shown in Table 3.1. Because prompt leptons have high 
momentum, the efficiencies of the lepton inclusive events are higher than those for the ordinary 
hadronic events. 
Selection Efficiency for E伍ciency for prompt 
& Rejection ordinary hadron events lepton inclusive events 
Hadronic event selection 73.0% 77.2% 
Hard initial photon radiation event rejection 70.0% 75.1% 
Radiative Bhabha & two-photon event rejection 69.7% 74.9% 
Table 3.1: Efficiency of hadronic event selections. 
The two-photon background is also studied by using Monte Carlo simulations of hadronｭ
hadron scattering (VDM) [53], hard scattering of the partons (QPM) [54] and resolved photon 
process2 (LAC) [5]. Contamination of these two-photon backgrounds in the final hadronic 
sample is found to be 0.5%. Similar to two-photon backgrounds, tau pair contamination is 
estimated to be 0.1%. 
Selection & Rejection Two-photon events Tau pair events 
Hadronic event selection 1.09% 0.18% 
Hard initial photon radiation event rejection 0.55% 0.14% 
Radiative Bhabha & two-photon event rejection 0.53% 0.14% 
Table 3.2: Background contamination in hadronic event sample. 
After a1 selections, 31830 (27428) events are obtained with the corresponding integrated 
luminosity of J .cdt = 262.4 (226.7) pb-1 for electron (muon) analysis. 
2For low Q2 photon, partons of hadronic component in a photon play an important role. The two-photon 
colision via these partons interaction is caled “resolved photon" process. 
Chapter 4 
Prornpt electron tag 
This chapter consists of three sections. First, we describe methods of electron identilfication 
and evaluation of their efficiencies. Second, we describe rejection of electrons from photon 
conversion, which are serious backgrounds for prompt electrons. Finally, we estimate the amount 
of backgrounds in the prompt electron candidates. 
4.1 Electron identification 
In this section, we describe methods of electron identification using the central drift chamber, 
the lead-glass calorimeter and the transition radiation detector in the VENUS detector. 
An electron has two features to be distinguished from the other particle. First, it makes 
an electromagnetic shower in the calorimeters. Since LG and LA calorimeters are spec:ified to 
detect the electromagnetic showers, they cannot detect whole of hadronic showers induced by 
hadrons. Therefore the electron is distinguished by comparing the corresponding momentum 
measured by CDC. 
Second is the fact that the electron is the lightest charged particle. Since it is lighter than 
the other charged particle by two orders of magnitude, only the electron has very large Lorentz 
factor γ 三 0(1000) in a wide momentum range (p=lrv29 Ge V / c). The transition radiation 
detector uses this feature to distinguish electrons from the other particles. 
4.1.1 Electron identification with LG calorimeter 
In detail , electron identification with LG is classified into two categories. First, we use 
the consistency of LG cluster energy with the corresponding momentum in CDC as mentioned 
above. Second, we use the informations of the shower shape. 
The consistency of the calorimeter energy with the corresponding momentum is checked by 
the value of E /p. The ratio E /p should have a peak at around unity for an electron track , while 
it should be much smaller than 1 for the other charged particles. 
First of all, we select the tracks by the following requirements. 
57 
C'hapter 4. Prompt electron tag 58 
Naxial wire hits > 8 
Nslant wire hits > 4 
IRminl < 2cm 
IZminl < 20 cm 
I cosBI < 0.68 
p > 1.0 GeV /c 
Then we extrapolate the tracks to LG and calculate an energy of the electro-magnetic shower 
E as follows. 
extrapolated CDC track 
x 
Figure 4.1: A cluster of LG blocks. 
At first , we find the lead-glass block to be 
hit using CDC information. Next , around this 
block we find a maximum energy cluster of 
2 x 2 array out of surrounding nine lead-glass 
blocks as shown in Fig. 4.1. Since the mean 
(E /p) and the deviation σE/p of the E /p disｭ
tribution for the electron are slightly depenｭ
dent on their momentum, we rescale E /p to 




where (E /p) and σE/p are given as a function of the electron momentum using the isolated 
electron samples beforehand. Here the isolated electron samples consist of single track events and 
Bhabha events, which are described in Appendix A.1.2 and A.l.l. The resulting μdistribution 
for the electron has a Gaussian shape with a unit variance, as shown in Fig. 4.2a. Figure. 4.2b 
shows that for pions. Pion samples are selected from hadronic events by using TRD information 
(ETRD < 5 keV) as mentioned below. We choose a cut value μ 三 -2.5 to select electrons. 
The second set of variables for our electron identification with LG makes use of the fact 
that lateral spread of the shower is narrower for electrons than for pions with their hadronic 
interactions. Therefore, the center of gravity of the shower coincides with もhe track impact point 
better for electrons than for pions. We define the center of gravity (x) in our chosen clusters 
made of four blocks as 
ま = LEiXi/LEi ( 4.2) 
The variables Ei and Xi denote the cluster energy and the center position of the four LG blocks 
(i = 1,2,3,4). We define the variables rムゆ and ムz as the distance between x and the impact 
point on the block surface, extrapolated from the track measured by CDC. Distributions of rム <Þ
and ムz for the electron and the pion are also shown in Fig. 4.2a and 4.2b, respectively. We 
choose cut values of rム<Þ， ムz < 6.5 cm to select electrons. 
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Figure 4.3: Truncated mean energy of TRD for electrons and muons 
To separate electrons from the other particles, we apply a cut on the ETRD spectrum in 
order to get a nearly constant electron efficiency of 80%. Since the pulse height for electrons 
increases with their momentum, so does the cut value. The values of E.yﾏin which gives about 
80% electron efficiency is shown in Fig. 4.4. As a result , the pion efficiency is found to be around 
3%. 
15 ト 80% cut value 
.r.-;、











Figure 4.2: Distributions of the variables μ ， Tムゆ and ムz (a) for the electron and (b) for the 
plOn. 
4.1.2 Electron identification with the transition radiation energy (ETRD). 
20 
Electrons, which have momentum of p > 1 Ge V j c, radiate X-ray called “transition radiation" 
at the boundary of two media. These transition radiation occur in the radiator box filled with 
polypropylene fibers and helium gas. Then the X-ray chamber, which is located just behind the 
radiator box, measures the transition radiation energy together with the ionization los8 of the 
electron inside the chamber. In the case of pions, only ionization energies are measured. There 
are four modules, each of which consists of a pair of radiator box and X-ray chamber. Electrons 
are distinguished by pions by using the independent informations of four modules. 
Because ionization energies fiuctuate with the Landau distribution, a normal mean of the 
energies has long tail toward the side of larger energy deposit. This tail deteriorates the capability 
of the ej1f separation. To reduce this tail, we use the truncated mean energy ETRD which is 
calculated by discarding the largest energy deposit in the four energies. Figure 4.3 shows the 
distribution of the truncated mean energy for isolated electron and muon samples. We assume 
that the energy deposits of pions are the same as those of muons. Here isolated muon sample is 
two-photon events of e+ e- → e+e μ+μ- ， which is descdbed in Appendix A.2.2 , 
。
。
For electron samples 




Figure 4.4: Cut value ET官D as a function of the electron momentum. 
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4.1.3 The electron identification efficiency 
Since particIes from quark pair production are collimated in a narrow region, which is called 
as “jet" , the electron track may overlap with nearby hadron tracks. Thus, the efficiency of 
electrons in hadronic jet is lower than that for the isolated case. The probability that an 
electron overlaps with other tracks becomes larger if the electron is closer to a jet axis , where 
the hadronic 七racks are crowded. Therefore, we must give the electron efficiency in hadronic jets 
as a function of their momentum (p) and transverse momentum (Pt) with respect to the jet axis. 
Here jet axis is defined by the jet c1ustering with JADE algorithm as mentioned in Chap. 1.4. 
To study the reduction in the electron efficiency due to overlapping, we use an isolated 
electron sample such as single track events together with hadronic event. We can simulate the 
electrons from heavy flavour decays in hadronic jets by embedding an isolated electron track 
onto hadronic events. We then reconstruct these embedded events with applying our electron 
identlfication procedure. From this study we found the electron identification efficiency with LG 
and TRD as a function of P and Pt. They are listed in Table 4.1 and 4.2. Errors in these table 
come from the limited statistics of our event sample. 
P (GeVjc) Pt < 0.8 (GeVjc) Pt > 0.8 (GeV jc) 
1 - 2 8 1. 5 土1.9 % 89.4土1. 3 % 
2 - 3 83.6 士 2.0 % 89 . 2 士 0.8 % 
3 - 4 86.1 土 2.0 % 9 1. 3 土 0.6 % 
4 - 5 87.1 土 2.4 % 9 1. 3 土 0.8 % 
5 - 7 88.5 土1.9 % 9 1. 3 土 0.7 % 
7 -10 85.2 士 2.3 % 91.8 :f0.9 % 
10 -15 75.3 土 3 .4 % 89.4 土1. 7 % 
15 -29 79 . 3 土 4.3 % 87.3 土 3.0 % 
Table 4.1: Efficiency of LG method for electron in hadronic events. 
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P (GeV jc) Pt < 0.8 (GeV jc) Pt > 0.8 (GeV jc) 
1 - 2 7 1. 5 士 2.1 % 73.6 士1. 7 % 
2 - 3 70.3 士 2.3 % 77.9 士 0.9 % 
3 - 4 78.8 土 2.1 % 77.1 士 0.8 % 
4 - 5 73.0 土 2.9 % 75.4土1. 1 % 
5 - 7 77.5 土 2.3 % 74.9 土1. 0 % 
7 -10 75.1 土 2 . 6 % 74.5 :f 1.4 % 
10 -15 75.9 士 3.3 % 76.2 士 2.2 % 
15 -29 75.8 土 5.4 % 80.2 士 3.6 % 
Table 4.2: Efficiency of TRD method for electron in hadronic events. 
In determining probabilities to misidentify as an electron in hadronic events , we take advanｭ
tage of the fact that we have two independent devices (LG and TRD) to identify electrons. We 
now reverse the role to select electrons into one to select c1ean pion sample in a device. This 
clean pion sample selected in one device enables us to determine the probability of pion misidenｭ
tification in the other device. In practice, we select pion tracks of high purity by TRD with 
requirement that ETRD < 5 keV. Hereafter this p戸ion sample is called 
selection provides an electron e伍ciency 0ぱf 0.0ω8% and impurity of electron is therefore negli沼giぬbly  
small. The μdistribution of TRD pion sample is shown in Fig. 4.5 as shaded histogram and 
that of electron candidates, which are selected with TRD: i.e. ETRD > E従D' is also shown by 
dots. They are normalized by the number of samples in the control region of μ< ー 7.
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Pt>0.8 (GeV/c) 
5.3 士 0.3 % 
5.9 士 0 .4 % 
6.4土 0.6 % 
7.8 土 0.5 % 
Pt < 0.8 (GeV /c) 
9.6 士 0.2 % 
8.4 土 0.2 % 
9.1 土 0 .4 % 








TRD pion data 
? ?
9.3 土 0 .4 % 5 4-
8.2 :! 0.6 % 
9.0 :! 0.8 % 
8.1 土1. 0 % 
8.9 土1. 5 % 
Table 4.4: Pion misidentification probability of TRD method in hadronic events. 
9.3 土 0.5 % 
1 1. 0 土 0.7 % 
8.4土 0.9 % 

























Figure 4.5: Distribution ofμin hadronic events. Plot and histogram indicate electron can.didates 
and TRD pion samples, respectively. 
Similarly, an independent selection of very clean pion tracks is made with LG by requiring 
The electron c:ontam-E /P< 0.5 and this pion sample is called “LG pion sample" hereafter. 
ination in LG pion sample is also very small because the selection efficiency for electrons is 
0.5%. 1n this way the pion misidentification probability of LG method is evaluated by TRD 
pion sample, and that of TRD method by LG pion sample. The corresponding probabilities of 
pion misidentification are given in Table 4.3 and 4.4, also in the same bins of P and Pt. 
Pt > 0.8 (GeV /c) Pt < 0.8 (GeV /c) P (GeV/c) 
3.2 土 0.45.8 土 0.22 1-
2.3 土 0.54.3 土 0.33 2-
3.7 士 0.75.7 士 0.54 3-
5.1 土1. 05.5 土 0.75 4-
5.0 土1. 05.8 土 0.77 5-
6 .4土1. 55.6 :! 0.9 7 -10 
3.3 士1. 52.4 土1.010 -15 
5.1 土 3.09.8 土 3.115 -29 
Table 4.3: Pion misidentification probability of LG method for pion in hadronic events. 
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4.2 Rejection of electrons from photon conversions 
Pl + P2 
Electron candidates which fulfil the electron identification criteria described above, contain 
not only electrons from heavy quark decay, but also those from Dalitz decay of neutral pions 
or conversions of photons in matter. The latter two are not “prompt electrons" and are called 
“conversion electrons" in this analysis. 
We have two methods to reject the conversion electrons. The one is to tag them with their 
topology of a pair of oppositely charged tracks. The other is the informations of VTX chamber. 
Since most of conversions occur between VTX chamber and CDC as shown below, absence of 
corresponding track in VTX chamber indicates that the track is an conversion electron. By 
using the information of VTX chamber we can evaluate the efficiencies of the first method 
independently. 






4.2.1 Rejection by the topology 
~ converswn pomt 
Vy ~ kPy 
If a pair of oppositely charged tracks satisfy al the four criteria described below , they are 
considered as conversion electrons to be rejected. 
4
,. ?•. , ????
,xd 
??ρiu ? ??
Figure 4.6: De白nition of the variables ム， ()conv , and α. 
1. The minimum distance ム between a pair of tracks is less than 1.5 cm. 
If a pair of the tracks come from a photon conversion, these trajectories should meet at 
a point exactly. Due to the uncertainties in track reconstruction, most of them either 
overlap or are separated slightly by a minimum distance ム as shown in Fig. 4.6. 300 
Data 
同 JL Monte calro 
、、』ー、
3=入、2とA 100 
2. The opening angle ()conv between the two tracks at the crossing point is small. 
If both tracks are reconstructed in three dimensions, we require cos ()conv > 0.85. Ifone of 
the two tracks is not reconstructed in three dimensions , we require cos ()conv > 0.9.5 in the 
x-y plane, respectively. 
3. The direction of the momentum sum vector pi +刃 is consistent with that of conversion 
point 勾.
In practice, we require that the angle αis smaller than 0.15 rad, where αis the angle 
between the momentum sum vector (戸t+ 汚) of the track pair and the direction vector 
(V;) from the e+ e-interaction point to the photon conversion point. 
4. The invariant mass Mee of a pair of tracks is less than 0.2 Ge V. 
The invariant mass is calculated by assuming an electron mass. ??
? ?
5 10 15 20 25 30 35 40 
Figure. 4.7 shows distribution of the conversion points, which is defined as the m.idpoint 
of the closest approach of the candidate track pairs as de五ned for the above criteria. Monte 
Carlo data is also indicated as histogram. Clear peaks are found at R r'V 15 and 25 cm. They 
correspond to the outer wall of the vertex chamber and support cylinder of the trigger cbamber, 
whose thickness correspond to the 3.9% and 2.9% radiation length, respectively. They are 
consistent with each other within their statistical error. 
Rconversion cm 
Figure 4.7: Conversion points distribution of the photon conversion pairs. Monte Carlo predicｭ
tion is also shown in histogram. 
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4.2.2 Estimation of the rejection probability 
We evaluate the rejection probability for prompt electrons by assuming that pions are the 
same as prompt electrons in the view of the topology. Therefore we evaluate the accidental 
rejection probability of prompt electron by using pion samples. Pion samples are available 
by the requirements of Ejp < 0.5 or ETRD < 5 keV as mentioned in the previous section. By 
applying of the rejection procedure to these samples, we find the accidental rejection probabilities 
to be 14.7 ± 0.4 % and 14.6 ± 0.2 % for LG and TRD pion samples, respectively. They are 
consistent within the statistical error with each other. Table 4.5 shows the probability of LG 
pion sample in bins of p and Pt· 









Pt < 0.8 (GeV/c) 
15.2 ± 0.6% 
15.0 ± 0.9% 
15.6 ± 1.2% 
13.5 ± 1.5 % 
12.8 ± 1.4% 
10.7 ± 1.6 % 
6.6 ± 1.4% 
7.4 ± 2.8% 
Pt > 0.8 (GeV /c) 
4.3 ± 0.9% 
8.7 ± 1.8% 
8.1 ± 2.0% 
10.6 ± 2.7% 
5.6 ± 1.6% 
8.0 ± 2.1% 
4.8 ± 1.6% 
5.1 ± 3.0% 
Table 4.5: Rejection probability of pions tagged with LG. This is used as the probability for 
prompt electrons. 
For the evaluation of the rejection efficiency for the conversion electrons, we use the con-
version track sample tagged with VTX chamber. We select those tracks by requiring no cor-
responding track segments in VTX chamber as described above. The corresponding tracks are 
found by taking into account the effect of multiple coulomb scattering. This selection provides 
the conversion track sample with its purity of 65.6 ± 2.5%. By examining thus selected sample 
the rejection probability for conversion electrons is found to be 84.4 ± 1.0 ± 0.4 %, after the 
correction due to the purity. The first error is statistical and the second one is due to the uncer-
tainty in the purity of the sample. It is consistent with that of Monte Carlo prediction of 83.7 
± 0.8 %. 
Once we have confirmed the reliability of the Monte Carlo prediction, we will use the rejection 
probability for the conversion electron for each bin of p and Pt as evaluated by a Monte Carlo 
simulation as listed in Table 4.6. 
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p (GeV /c) Pt < 0.8 (GeV /c) Pt > 0.8 (GeV /c) 
1- 2 80.3 ± 0.6% 68.6 ± 4.2% 
2- 3 82.3 ± 1.2% 80.8 ± 4.0% 
3- 4 80.8 ± 1.9% 88.2 ± 3.7% 
4- 5 81.3 ± 2.7 % 89.6 ± 4.4% 
5- 7 78.9 ± 3.2% 87.5 ± 4.4% 
7-10 78.2 ± 4.4% 93.8 ± 4.3% 
10- 15 81.3 ± 5.6% 83.3 ± 8.8% 
15-29 80.3 ± 8.6% 87.4 ± 9.2% 
Table 4.6: Rejection probability of conversion electrons 
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4.3 Background estimation 
After the selection with LG and TRD and together with the rejection of the cOIlversion 
electrons, a total of 2129 candidates are obtained with corresponding integrated luminosity of 
j 乙dt = 262.4 pb-1 
In this section, we evaluate the amount of pion and conversion electron backgrounds in the 
candidates. The amount of backgrounds are calculated by solving the following equations, 
Nbefore 
Nafter 
Np/Ep + Nbg /句
Np + Nbg' 
(4.3) 
( 4.4) 
Nbefore and Nafter are the number of candidates before and after selection. N p , Nbg , Ep and 
Ebg are the number and the efficiency of prompt electrons and backgrounds, respectively. As a 
result , Nbg is expressed by the following formula, 
N bQ = ____!_!!.旦ー (EpNb的re -Nafter)' 
- Ep - f.bg 
(4.5) 
In the following section, we perform the background estimation with this method for pion and 
the conversion electron backgrounds, respectively. 
4.3.1 Pion backgrounds 
We have three ways to obtain the number of pion backgrounds as shown in Fig. 4.8. 
TRD selection LG selection 
{fil~. [L(Gj ~ÞJ}. γ時D
鎚1鎚剖@岡 凶陥~@11ü
prompt electron candidates 
N (c) before 
~~). IL~ → τ1Ri[Þ) 
鎚k~鈍ß@1I1]
N after = N P + N bg 
Figure 4.8: Flow chart of prompt electron selection 
Chapter 4. Prompt electron tag 70 
N before are 13047, 8530 and 142001 for (a) , (b) and (c) in Fig. 4.8 , respectively. As the 
results , the total numbers of pion background are 
(a) Nbg = 582.8 土 8.5 ::!:: 9.4, 
(b) Nbg - 583.7 土 5.9 土 16.6
and 
(c) Nbg 60 1. 3 土1.7 土 17 . 1.
The first error is statistical and the second one is due to the uncertainty of the efficiencies. The 
evaluated numbers for (a) , (b) and (c) are consistent with each other within the errors. 
4.3.2 Conversion electrons 
The amount of conversion electrons is evaluated by the same method as that used for pion 
backgrounds. The number of candidates Nbefore , after selections with LG and TRD and just 
before the rejection of conversion electrons, is 4406. The number of final electron candidates 
Nafter is 2129 as mentioned above. By using Tables 4.5 and 4.6, we obtain the number of 
conversion electrons in the final electron sample. 
We summarize the numbers of electron candidates, pion and conversion backgrounds in Table 
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P (Pt) Ncand. Nπ Nconv. 
1- 2 < 0.8 771 256 . 56 士 4.11 土 9.55 305 . 83 土 9 .4 5 土 12.17
> 0.8 69 15 . 79 土 0.74 土 2.23 20 . 52 士 3.21 士 4.09
2 - 3 < 0.8 330 78.40 :1 1. 93 士 5.57 76 . 85 土 4.54 ::1:: 6.62 
> 0.8 65 6.08 土 0.38 士1.26 7.25 土1.47 土1.94
Chapter 5 
3 -4 < 0.8 192 58.78 土1.92 土 5.35 34.18 土 3.33 土 4 .43
> 0.8 48 7.98 土 0.56 土1.64 3.35 土 0.73 士1.21
4 - 5 < 0.8 123 37.63 土1.51 士 4.74 12.60 土 2.07 土 2.38 Prornpt rnuon tag 
> 0.8 75 7.28 土 0.64 土1.60 0.25 土 0.41 土 0.32
5 - 7 < 0.8 128 42.21 土1.65 土 5.35 15 . 65 土 2 .45 土 3.18
> 0.8 83 12.36 士 0.82 土 2.66 2.60 :1: 0.70 土1.08
5.1 Muon identification with the barrel muon chambers 
7 -10 < 0.8 74 25 . 36 土1.25 土 4.51 7.54 土1.73 土 2.05
> 0.8 82 13.64 土 0.98 土 3 . 34 0.72 土 0.29 士 0.55
10 -15 < 0.8 40 5 .48 土 0.38 土 2.27 2.38 土 0.85 土 0.90
> 0.8 34 4.64 土 0 .4 1 土 2.13 0.87 土 0.50 士 0.57
15 -29 < 0.8 11 8.16 土 0.98 土 2.95 0.78 士 0.50 土 0 .44
> 0.8 4 3.38 士 0 .43 士 2.11 0.40 士 0.25 土 0.34
Table 4.7: Table of electron candidates and estimated background in bins of P and Pt. 
In this section, we describe a method of muon identification using the barrel muon chamber 
system. The barrel muon chamber system, as mentioned in Chap. 2.2 .9, is the outermost device 
in the VENUS detector and consists of four sectors, i.e. left, right , up and bottom sectors. Each 
sector consists of two iron plates called “muon filters" interleaved with drift chambers as shown 
in Fig. 5.1. The thickness of each muon filter is chosen to be about one nuclear absorption 
length of 20 cm. To reach the outermost layer of the muon chamber, a particle produced at 
e+ e-interaction point must pass through at least 5.3 nuclear absorption length. Most of the 
hadrons stop at LG , the return yoke or the muon filters. Only muons can penetrate al of them. 





extrapolated CDC track 
Muon Chamber 
5th & 6th layer 
3rd & 4th layer 
1 st& 2nd layer 
Return Yoke 
Figure 5.1: Schematic view of muon chamber system. 
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5.1.1 Extrapolation to the muon chamber system 
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Table 5.1 summarizes the standard deviation of the normalized distance at each layer and 
sector. Since al of the standard deviations are about unity, the deviations close to unity indicate 
that the scale factors based on mul七iple Coulomb scattering are reasonable. Only tracks which satisfy the following requirements are extrapolated to the muon chamber 
system. 
N axial wire hits > 8 1ayer sector 
Nslant wire hits > 4 1 2 3 4 total 
IRminl < 2cm 1 & 2 0.97 1.00 0.98 1.06 1.00 
IZmin < 20 cm 3 & 4 0.99 0.96 0.95 1.06 0.99 
1 cos 81 < 0.7 5 & 6 0.99 0.96 0.98 1.07 0.99 
p > 2.0 GeV jc 
In the extrap01ation, we take into account the energy 10ss and the bending effects due to the 
magnetic field in the return yoke. When a muon has momenta of 2 Ge V j c, the typical magnitude 
of the energy 10ss is 1. 2 Ge V. 
After extrapolation to the muon chamber system, we look for muon chamber hits around 
the extrapolated track. Figure 5.2 shows the distribution of normalized distance of the muon 
chamber hits from the extrapo1ated track. Here we used a muon samp1e in two-photon producｭ
tion events (e+ e一 → e+e-μ+μ-). This sample is called “iso1ated muon sample" in this analysis. 
Selection of the isolated muon sample is described in Appendix A.2.2. The normalization facｭ
torσd is determined for each i-th 1ayer by considering both multiple Coulomb scattering and 
extrapolation error. The amount of mu1tiple Coulomb scattering is calcu1ated by using particle 
momenta and path 1ength in the materia1s. 
Tab1e 5.1: Standard deviation of norma1ized distance in each sector and 1ayer. 
Those hits within 3σd are used to reconstruct a muon local track. The probability to 五nd
muon chamber hits in more than 4 out of 6 layers is 89% for the isolated muon samp1e with 
p > 2 GeV jc. as shown in Fig. 5.3. 
e+ e- • e+ e- μ+μ- events 
0.8 
主 0.6
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Figure 5.2: Normalized distance (ムdjσd) distributions for isolated muon sample, where ムd
is the distance between the chamber hit position and that extrapolated from CDC, and σ;is 
ca1culated from multiple Cou1omb scattering. 
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Track matching 
We now have the local tracks reconstructed in the muon chambers. We check the consistency 
between the local and extrapolated tracks by comparing their position din and angle Cﾞin' Figure 
5.6 shows the definition of the matching parameters (ムdand ムゆ). They are difference of position 
5.1.3 Local track reconstruction 
Since we have six layers of muon chambers, we can reconstruct a muon track using their hit 
informations alone, independent of CDC track. The local track reconstruction is done by the 
least-squares method [56,57]. In estimating the chi-squares, we properly take into account the 
5.1.2 
and angle in x-y plane from the extrapolated track, respectively. correlation of the hits among different layers due to the multiple scattering effects. To get the 
Return Yoke 
muon local track 
(5.1) 
best estimation of the track , the fit quality χ2fit is defined as the following equation, 
ふ=乞 [ri - 1i( ぜ) ] CiJ 1 [r j -1 j(ぜ) ] 
where ri is drift distance recorded at the corresponding wire in the i-th layer, liis distance from 
5.4, and Cij is correlation matrix among the the wire to the local track ぜ as shown in Fig. 
layers. 
The local track 71 is represented by 
the position din and the direction ゆin at 
Figure 5.6: Matching parameters (ムd and ムゆ) between CDC and muon local track at the outer 
surface of the return yoke. 
This As shown in Fig. 
correlation is obvious because the two variables tend to increase (decrease) at the same time as 
5.7, a clear positive correlation exists between the two variables. 
local trackα 
outer surface of the return yoke in the 
x-y plane, that is ず= 71(dinl c?n). We 
自choose a cut value of 0.0027 on the chi-least squares square probahility of th 
日t. This provides an efficiency of 93% 
Figure for the isolated muon sample. 
the multiple scattering effects on the track is large (small). In order to take into account this 
correlation, we redefine the matching parameters as follows: 
Return yoke 5.5 shows the chi-square probability for 









Figure 5.4: Parameters used in local track reconstruc-
tion. 
e+ e- • e+ e- μ+μー
(5.3) 500 
where normalization factors (1.075 and 2.150) are determined to obtain Gaussian distributions 400 
with a unit variance for the new variables (X and Y) for the isolated muon sample. To evaluate 
To have a good matching quality we requireχ2matching < 9.0. This is determined by using the 
isolated muon sample as shown in Fig. 5.7 with a solid ellipse. This provides an efficiency of 
(5.4) 
the quality of matching, we also define the following variable, 











Figure 5.5: Chi-square probability for the isolated muon sample. 
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The muon identification efficiency 
First, we estimate the efficiency for the isolated muon sample when we apply the muon 
identification described in the previous section. The results are summarized in Table 5.2. 
5.2 
e+ e- • e+ e- μμ event 
# of tracks Selection 
5323 after track selection 
4757 4/6 hits requirement 
4401 local track reconstruction 
3942 
74.1 土 0.6%Efficiency 













The Next, we estimate the e伍ciency of the muon identification in the hadronic events. 5 3 2 。-2 -3 -4 -5 
efficiency is evaluated by using embedding method similar to that is applied for electron identifi-I1d / O'd 
cation in hadronic events. Table 5.3 shows e伍ciencies of muon identification in hadronic events 
in bins of P and Pt. 
Pt >0.8 (GeV /c) 
66.5 士 0.9 % 
70.1 土1. 5 % 
68.8 土 2 .4 % 
63.6 士 2.8 % 
Figure 5.7: Matching parameters between CDC and muon local track for the isolated muon 
sample 
Pt<0.8 (GeV /c) 
69.1 士1. 2 % 
p (GeV /c) 
70.1 土1.8 % 
72.3 士 2 .6 % 









67.1 土 3.8 % 
66.6 士 4.6 % 
57.0 土 3.2 % 15 -29 
Table 5.3: Muon identification efficiency in hadronic events. 
We have a total of 27428 hadronic events which corresponds to the integrated luminosity of 
J Ldt = 262.4 pb-1. When we apply the present muon identification to our totall凶
e+ e- • e+ e- μ+μ-? ?? ?????
66.9 土 3.7 % 
68.6 土 6.6 % 









sample, we obtain 1411 muon candidates in total. 




Figure 5.8: Distribution of the matching quality χimt山g for the isolated muon sample 
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5.3 Hadron misidentification detailed study relies on Monte Carlo simulation. In the detector simulator VMONT, decay of 
hadrons, energy loss and nuclear scattering in the materials are simulated. Details of simulation 
is described in Appendix C. 
The misidenti五cation probability in hadronic events thus evaluated by Monte Carlo simulaｭ
tion are shown in Table 5.5. The error is due to the limited statistics of the Monte Carlo data 
sample. The evaluated probability is consistent with those from ァ decays or Ks decays sample. 
In this section, we describe hadron misidentification. Sources of hadron misidentifica.tion in 
our extraction of muon sample are classified into two categories. The first one isπ's and K's 
produced in the hadronic events which decay into muons in ftight. It is difficult to distinguish 
those muons from prompt muons. Those hadrons are called “decaying hadrons" in this analysis. 
The second category is hadrons which survive from the interaction in the absorption materials. 









• ???• ??ρU 
P (GeV /c) Pt < 0.8 (GeV /c) Pt > 0.8 (GeV /c) 
2 - 3 0.64 土 0.03 % 0.47 土 0.07 % 
3 - 4 0.52 土 0.04 % 0 .49 土 0.09 % 
4 - 5 0.27 土 0.04 % 0 . 32 土 0.08 % 
5 - 7 0.23 土 0.03 % 0.22 土 0.06 % 
7 -10 0.07 土 0.02 % 0.12 土 0.05 % 
10 -15 0.08 士 0.04 % 0 . 05 士 0.04 % 
15 -29 0.04 土 0.04 % 0.00 土 0.00 % 
5.3.1 Estimation of the misidentification probability 
To evaluate the misidentification probability, we use samples of T and K♂ decays. 
The pion sample from T decays is selected in T pair production events. The selection is 
made for three-prong T decays (see Appendix A.3.1). For example, a three-prong T decay is the 
following processes, 
(5.5) 
Table 5.5: Hadron misidentification probability evaluated with Monte Carlo simulation. 
This sample has a small impurity of muons coming from T一 → μ一九 +γ → μ-vμ+ e+e-. 
The impurity in this sample is found to be 0.14%. This corresponds to the number of the final 
candidates of 0.8 in Table 5.4. After correction for this impurity, the probability is found to be 
0 . 68 土 0 . 32% . The error is due to statistics of the sample. 
Another independent evaluation is made with Ks → π+ 7r- sample selected by their lifetime 
and invariant mass in hadronic events. Similar to T decays, the Ks decay samples contain muons 
with an impurity of 0.5% and the number of muons is expected 5.7 out of 16 in Table 5.2. After 
the correction, the probability is found to be 0.64 士 0.25%.
Sample ァ decays Ks decays 
after track selection 765 1617 
4/6 hits requirement 27 73 
local track reconstruction 12 32 
matching between CDC track 6 16 
misidentification probability 0.68 0.64 
土 0.32% :l 0.25% 
Table 5.4: Hadron misidentification probability for pion control samples. 
Since the statistics of T / K s decay samples is not enough, momentum (P) and transverse 
momentum (Pt) dependence of the probability cannot be studied in hadronic events. Th.erefore 
* K s denotes neutral kaon of short l凬etime. 
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5.4 Background estimation 
In the 1411 muon candidates, the number ofbackgrounds which results from misidentif?ation 
of hadrons is estimated by a Monte Carlo simulation as follows. 
p (GeV jc) (Pt) I Ncand. I Nbg 
2 - 3 < 0.8 439 292.3 :i10.7 :i 58.5 
> 0.8 90 36.1 土 3 . 8 土 7.2
3 - 4 < 0.8 212 137.1 土 7.4土 27.4
> 0.8 64 28.4土 3 . 3 土 5.7
4 - 5 < 0.8 125 73.8 土 5.4土 14.8
> 0.8 50 18 . 8 土 2.7 土 3.8
5 -7 < 0.8 122 57.4 土 4.8 土 1 1. 5
> 0.8 83 24.4土 3.1 土 4 . 9
7 -10 < 0.8 82 37.0 士 3.8 士 7.4
> 0.8 50 12.9 土 2 . 3 土 2.6
10 -15 < 0.8 34 14.1 土 2.4土 2.8
> 0.8 37 8.2 土1.8 土1.6
15 -29 < 0.8 11 1. 6 土 0.8 士 0.3
> 0.8 12 4.3 土1.3 土 0 . 9
Table 5.6: Table of prompt muon candidates and hadron backgrounds in bins of p and Pt. 
The first error is statistical and the second is systematic as described in Appendix B. The 
systematic error is common to each bin of P and Pt ・
Chapter 6 
Evaluation of the cross-section and 
its asyrnrnetry 
We have selected samples of 2129 electron and 1411 muon candidates. The data correspond to 
the integrated lu山11凶I
As mentioned in Chap. 1.4 heavy quarks (c and b quark) tend to fragment harder than light 
quarks (u , d and s quark) , hence produce leptons of higher p. Using this feature we can separate 
lepton candidates into c, b quark and background contributions statistically. Background conｭ
tributions are well understood by evaluating hadron misidentification and conversion r吋 ection
probability with several control samples and Monte Carlo simulation as described in the previous 
chapters. Hence we can measure the total cross-section of heavy quark pair production from p 
and Pt spectrum, and measure the forward backward asymmetry from the angular distribution 
of the thrust axis containing the leptons. 
6.1 Cross田section of heavy quark pair production 
In the quark pair production, the sources of observed leptons are categorized as follows. 
1. Semileptonic decays of c hadrons: denoted cp. 
2. Semileptonic decays of b hadrons: denoted bp. 
3. Cascade decays from a b quark (b • c • 1): deno同d bc. 
4. Cascade decays from a b quark via b • u transition (b • u • 1): denoted bu. 
5. Decays of a r from a b decay (b • 7 • 1): denoted br. 
6. Leptons from non-prompt sources or hadrons misidentified as leptons: denoted bg. 
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Observed numbers of lepton candidates in bins of (p ,Pt) are expressed by the sum of the 
terms corresponding to the sources described above, 
parameter 
Bc 
Ndata(P ,Pt) { σcBcPcp( (xc), p, Pt) 
十円BbPbp ( (Xb) , p, Pt) 
+σbBbc九c((Xb) ， p ， Pt) ・ (1 +α) 
+σbBbuPbu( (Xb) ,p,pt) 
+σbBr九r( (xb ) , p, Pt) }. 2 L . ε (p ， Pt) 




Bbr = BR (b • TVrX) 
.BR(ァ→ eveVr )
α= BR (b • ccs) 
(Xc) 
(Xb) 
Here σc and σb are the cross-sections of c and b quark pair production event. Bc and Bb are 
semi-leptonic branching ratios of the c and b hadrons. Bbc , Bbu and Bbr are b • c + IIノ1 and 
u + lVI , b →ァ→ 1 decay branching ratio , respectively. 
Pi( (Xq) , p,Pt) is the probability that a lepton produced from a type i decay (i = cp , bp, bc, bu , bT) 
is found in a bin of (p ,Pt) , which is expressed as follows 
world average values 
9.8 土 0.5 % 
1 1. 13 土 0.29 % 
7.9 土 0.8 % 
0.3 士 0.2 % 
0.48 % 
16.5 % 
0.51 :l 0.02 
0.70 士 0.02
Table 6.1: World average values of the parameters [58 ,59]. 
Then we perform a fit using σq as free parameters. Figures 6.1 and 6.2 show the best fits of P 
and Pt spectrum of electron and muon sample, respectively. In these figures , plot and histogram 
indicate the experimental data and the fit result of each contribution (c , b, b • c, U , T processes 
and background). 
The observed cross-section σ~bs can be related to the effective Born cross-sections σq by the 
following equation, 
l D(xヲ匂) . Wi(X ,P,Pt) dx 
Pi((Xq) ,p ,Pt) = !_OP1 
I D(x ， 匂) dx 
(6.2) 
where (Xq) is the mean of X: (Xq) = J xD(x , Eq) dx / J D(x ， 匂) dx. We use (Xq) ins七ead of 
Eq as a fragmentation parameter in the following analysis. D(x , Eq) is the Peterson function 
formulated with the scaled energy of the hadron X = Ehadron/ Ebeaml defined as 
ーobs
























where EH is the efficiency for hadronic event selection and 8 isthe radiative correction factor 
which is evaluated by the program ZFITTER [63]. These values are summarized in Table 6.2 
Wi(X , p, Pt) is the probability that the daughter lepton is found in a bin of (p , Pt) for a paren七
hadron with the scaled energy x. This is evaluated by the Monte Carlo simulation befo:rehand. 
αis the branching ratio of b • ccs. L is integrated luminosity which corresponds to 262.4 
(226.7) pb-1 for the electron (muon) sample.ε(p ， Pt) is the e伍ciency for leptons to pass al of 
the lepton selection criteria. Nbg(p ,pt) represents the number of backgrounds which is listed in 
the previous chapters. 
The fragmentation parameter (Xq) and the semileptonic decay branching ratio Bq are fixed 
to the world average values as listed in Table 6.1 1. 
c quark b quark 
E伍ciency EH 0.716 0.809 
Radiative correction 1+8 1.291 1.085 
(1 + 8) . EH 0.924 0.878 
Table 6.2: Efficiency of hadronic event selection (εH) and radiative correction factor (8). 
By using this relation, we finally obtain the effective Born cross-sections of c and b quark pair 
production as follows. 
1 Among them，もhose used values for Bc, Bb , (Xc) and (Xb) are found もo be consisもent with the indepe:ndent fit 
to Our data, where the cross-sections are fixed to the Standard Model predicted va1ues. The details are described 
in Appendix D. 
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Effective Born cross-section [pb] 
combined fit result muon sample electron sample 
45.3 土 3.2 土 3.83 1. 4 土 4.7 土 7.145.8 土 4.4土 4.5σc 
VENUS 
b • c e, b → τ → e 
b → u 巴
多ヲ c-今 e













19.3 土1. 1 土 0.819.3 土1.9 土1. 120.0 土1. 5 土1.3σb 
? ?? ??唱Ei
Table 6.3: Measured values of effective Born cross-sections. 
800 The 白rst error is statistical and the second error is systematical due to the uncertainties of 
the fragmentation parameters, branching ratios and normalization factors. Here normalization 
factors are integra七ed luminosity, efficiency of hadronic event selection and normalazation factor 
of background. We assume that overall uncertainty of integrated luminosity and e日ciency of 
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Figure 6.1: Momentum p and transverse momentum Pt spectrum of electron candidates. 
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VENUS 
800 
援会 c → μ 
「 b → c → μ 
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c → μ 
750 I b → c → μ 
図 b → cμ， b → t → μ 
b → uμ 
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。
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pt GeV/c 
Figure 6.2: Momentum spectrum P and transverse momentum Pt of muon candidates. 
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6.2 Forward四backward asymmetry of heavy quarks 
In order to measure the forward-backward asymmetry in the process e+e一 → cc and bb, 
we define a production angle of quark (not anti-quark) by introducing a variable z as z 
-Q cos ()出rust -Q i . ê, where Q is the charge of the prompt lepton. The direction of i is
determined by the thrust axis and the hemisphere containing the lepton track and ?is the unit 
vector in the e-beam direction. The uncertainty in the determination of the quark direction is 
found to be about 60 according to Monte Carlo simulation. We divide the lepton candidates into 
two categories: one for lower Pt (Pt < 0.8 GeV /c) and the other for higher Pt (Pt > 0.8 GeV /c) 
The sample with lower (higher) Pt is expected to be enriched with prompt leptons from c decays 
(b decays). 
We determine AFB of the c and b quarks to fit these angular distributions by using the 
following expression, 
NJat α (z) = N，叫jゐ~ (υ1 + z2 一 ; A hνFB z)りれ村川)川川ηが刷1代(υz
+叫 +NJT 十 Nム)(IH2+;Abz)ηj(z)
+ N，巧札tムC山2 一 ; κ A}h炉いBド刊z吟村川)川ゲ引(μz
) +N;ら'g(z吟) (υj = 1 ， 2幻) (何6 . 5め
where the i凶exj represents either the lower or higher Pt sample and Nl is the number of prompt 
leptons (i cp, bp, bc, bu, bァ) corresponding to each term of Eq. 6.1. Nlg(z) is the angular 
distributions for the backgrounds, which is estimated by a Monte Carlo simulation beforehand. 
Their normalization factors are constrained to the total number Nl_ which is described in the bg 
previous chapters. 
Nlc includes the contribution of leptons both from b • c • z+ and b • ccs , C • z-
The wrong charge assignment from these contributions is taken into account by the factor 
κ= (1-α)/(1 十 α) = 0.72. 
The correction factor due to the detector acceptance 7]J (z) is obtained from a Monte Carlo 
simulation as shown in Figs. 6.3 and 6.4. Itis もaken 七o be symmetric in z; が (-z) = が (z) and 
is normalized as 
L(l 十 Z2) れのい
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We fit the angular distribution of z with Eq. 6.5. using ApB and A}B as free parameters. 
The z distributions for lower and higher Pt regions are shown in Fig. 6.5 and 6.6 for electron 
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F or prompt electron sample 
and muon samples, respectively. The best fits are also shown in histograms. 
In order to obtain the forward-backward asymmetry at the lowest order, photon and gluon 
radiation effects must be taken into account. Their combined effects are found to decrease the 
0.2 
absolute values for ApB and A}B by 0.05 and 0.04, respectively, while the QCD correction alone 
is estimated to be 0.02 for both ApB and A}B' Finally, we obtained AFB for the c and b quarks 
pt 0.8 gev/c 
pt 0.8 GEV/C 0.15 
会一Nこr
at the lowest order as follows. 
0.1 
Forward-backward asymmetry 
combined result muon sample electron sample 









-0.38 士 0.10 土 0.01-0 .45 土 0.15 土 0.01-0.34 土 0.13 土 0.01
0.8 0.6 0.4 0.2 
? ?
? ?
Table 6.5: Measured values of forward-backward asymmetry. 
Izl 
Similar to cross-section measurements, contribution of each systematic error are listed in 






0.008 0.016 Branching ratio 
N ormalization 
For prompt muon sample 
0.2 
0.010 0.014 
0.012 0.027 Total 
pt 0.8 gev/c 
Table 6.6: Source of systematic errors. 
ーーーー『ーーーー、
pt 0.8 GEV/C 
















Figure 6.4: Acceptance correction factor for prompも muon sample. 
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(a) Pt < 0.8 GeV/c 
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Figure 6.6: z distributions of muon candidates Figure 6.5: z distributions of electron candidates 
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Discussion 
We have derived values of the cross-section and forward-backward asymmetry of heavy quark 
pair production by using prompt leptons in e+ e-annihilation at ゾs = 58 Ge V. In this chapter 
these measured values are used to investigate a possible contribution from contact interaction. 
7.1 Cross-section 
From P and Pt spectrum of prompt lepton candidates, we obtain the effective Born crossｭ
sections of heavy quark pair production to be 
σc = 45.3 士 3.2 士 3.8 pb 
σb = 19.3 士1. 1 士 0.8 pb 
Both σc and σb obtained here are consistent with the Standard Model prediction ， σfM=455Pb 
and σfM =16.8 pb , where the Standard Model parameters are fixed to the following values [58]; 
sin28w = 0.228 , Mz = 91.175 GeV, and αs(Mz ) = 0.120. 
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7.2 Forward-backward asymmetry 
From fits to the angular distribution Z of the events containing prompt leptons, the forwardｭ
backward asymmetries of the heavy quarks are measured to be 
A~ FB 
A~ FB 
-0 .47 士 0 .07 士 0 .03
-0.38 士 0 .10 士 0.01
To compare the Standard Model prediction with the experimental result, the effect of BOｭ
BO mixing must be included. Because of the mixing effect, a produced BO meson decays as BO 









Figure 7.1: Box diagram of BO-Bo mixing. 
d 
b 
The mixing, therefore, dilutes the forward-backward asymmetry of the b quarks. Mixing 
effect in c quarks is known to be negligible. Then the b quark asymmetry A~B to be observed 
is related to that A~:orn with no-mixing as follows 
A~B = (1 -2χ)A420rn ， (7.1) 
whereχis the average mixing probability of BO meson. When we substitute the value of 
χ= 0.1246 土 0.0073 [62], the predicted value of A~B is -0.44. 
Our results for AFB and A~B are consistent with the Standard Model prediction of -0.49 and 
-0.44, respectively, taking the mixing effect into account. Figures 7.2 and 7.3 plot the present 
results together with those from other previous experiments. The Standard Model prediction is 
also drawn there. 
Our result gives the most precise measurement of AFB at YﾍS = 58 Ge V. By using large 
samples of electron and muon candidates we have reduced the statistical error by factor of two 
with respect to the previous VENUS analysis using prompt electron or the previous TOPAZ 
analysis combined with D* and prompt electron tagging. We have also reduced the systematic 
error by well understanding misidentification and conversion electron rejection probability with 
several control samples and Monte Carlo simulation. For A~B AMY's result is the most precise 
measurement. They categorized prompt muon inclusive events into bb and non-bb events by 
ーτ士一一一一一一一一一一一一一一一一一三コ|
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using neural networks based on event-by-event characteristics. Therefore they can subtract c 
quark decays and backgrounds and reduce statistical error. But there are some arguments on 























ー0.8 ト 。 HRS 口 VENUS
9 MAC 




Figure 7.3: Forward-backward asymmetry of b quarks measured by various experiments as a 
function of the center of mass energy. Solid and dashed line indicate that of the Standard Model 
prediction without and with BO-Bo mixing effect, where we assume thatχ ニ 0.1246.
Figure 7.2: Forward-backward asymmetry of c quarks measured by various experiments as a 
function of the center of mass energy. Solid line indicates that of the Standard Model prediction. 7.3 Compositeness of heavy quarks 
Since both of the measured cross-section and the forward-backward asymmetry of the heavy 
quarks are consistent with the Standard Model prediction, we wiU set the limit for new physics. 
If quarks are made of constituents, new interactions among quarks appear at the binding energy 
scale of those constituents. At energies much below the compositeness scale A, these interactions 
are suppressed by inverse powers of A. The dominant effect should come from the contact 
interactions with four fermions. The effective Lagrangian of the contact interaction is usually 
expressed as 
乙contact =4zηij 山j q(YJ-Lqj 
i ,j=L,R 
(7.2) 
-- -Ior e I e • qq process. 
By convention, the unknown coupling constant 9 isset to g2 /4π= 1 and the magnitude of 
the coe缶cientsηisset to be unity. A number of models (choice of TJij parameters) are considered. 
They are summarized in Table 7.1. The L , R , V and A denote the left-handed , right-handed , 
vector and axial vector couplings, respectively. The signs (土) of the 市j indicate positive or 
negative interference with the Standard Model amplitude. 
ーτ ーーーーーーーー | 
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Compositeness scale 
ηLR ηRR ηLL Model 
[ IA~qRい)1 2 + IA~Lい)1']G)' 
[ IA包 (s ) 12 + 1 A~R ( s) 12 ] (~) 2 
4000 
(GeV) A with t = -ts(l-cos8) and u = -ts(l + cos8). The helicity amplitudes A(i,j = L,R) are 
Figure 7.4: Forward-backward asymmetry of c quarks is plotted against the compositeness scale. (7.4) A:?同R = QeQq 十州 x(s) + 毛色
Dashed line show the 95% CL (1. 64σ) limits calculated from our measurement 
Here αis the electromagnetic coupling The third term is the effect of contact interaction. 
constant. The left-and right-handed couplings, 91 and 9~ ， of the quark q to the ZO boson are 
We note that Eq. 7.3 uses only the lowest order amplitudes (Born term). Therefore con-given by 
We use the following version of effective Born cross-section to Born cross-section is nessesary. 三一一(h -Q Q sin 2 8w) sin8w cos 8w 官
と一一(-QQsin2 8w) sin 8w cos tJw' "'l 





As mentioned in the previous section, A~:orn is corrected with the BO-BO mixing effects. The 
errors are quadratic sum of statistical and systematic errors. Using the above values, we can set 
the lower limits on the compositeness scale A as values at crossing points with the 1. 64σband in Fig. 7.4. In this figure dashed and dotted lines indicate the our measured value of c quark 
allowed by data. asymmetry and the 土1.64σdeviated values, respectively. 











一The lower limit at 95% CL1 is defined as the A value which give the cross-section or forward-
For example, the expected 
forward-backward asymmetry of c quark is shown as a function of the compositeness scale A 
Our results are summarized in Tables 7.2 and 7.3. 
scale of 2 TeV corresponds to 10-4 fm (10一 19 m). These are as strict as the previous PETRA 
results [64]. For some models our results set new lower limits on the compositeness scale of A. 
This result is unique in a sense of specifying a quark flavour and using the total cross-section. 
Many experiments have set the lower limits on quarks (not specify quark flavour) and electron 
(positron) compositeness by using the total cross-section and forward-backward asymmetry. On 











where e isthe electron charge, Qq is the electric charge of the quark q in units of lel , h is the 
third component of the weak isospin and tJw is the electroweak mixing angle. 
backward asymmetry separated by 1. 64σfrom the measurement. 




Table 7.1: Different models of the four fermions contact interaction 
In the presence of the contact interaction, the differential cross section for e+ e一→ qq can 
be written in the lowest order as 
4s dσ 
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forward-backward asymmetry. These are the first and most stringent results on heavy quarks 
and electron compositeness by using total cross-section and forward-backward asymmetry. 
Lower limits of A (Te V) 
LL RR vv AA 
+ + + + 
VENUS 0.7 1.3 1.1 1.5 2.0 2.5 2.0 2.1 
PETRA 1.1 1.6 1.1 1.7 0.7 0.7 2.1 3.2 
Table 7.2: 95% CL lower limit on the compositeness scale of the eecc contact interaction. 
Previous PETRA result used measurements of the forward-backward asymmetry at the JADE, 
TASSO and HRS experiments. 
Lower limits of A (Te V) 
LL RR vv AA 
+ + + + 
VENUS 1.1 1.6 2.0 2.2 3.9 4.3 3.4 3.0 
PETRA 1.2 0.5 1.4 0.8 0.7 0.9 2.4 1.4 
Table 7.3: 95% CL lower limit on the compositeness scale of the eebb contact interaction. 




We have selected prompt leptons produced in hadronic events to investigate heavy quark 
pair production in e+e-annihilation using a ful data set of the VENUS experiments. Muon 
identification has been improved by introducing local track reconstruction algorithm in the 
muon chambers and imposing connectivity between a CDC track and the local muon track. The 
efficiency for muon is about 70% while that for hadron is 0.5% at p > 2 Ge V / c.In the electron 
identification, the estimation of the gamma conversion has become much more reliable by using 
the information of the vertex chamber. We have reduced its uncertainty to less than 10%. Thus, 
we have obtained the best data on the heavy quark production at TRISTAN energy, especially 
for charm quark. 
From fits to the lepton P and Pt spectra, the effective Born cross-sections of heavy quark pair 
production are measured to be 
σc 45.3 士 3.2 (stat.) 土 3.8 (syst.) pb 
σb - 19.3 士1. 1 (stat.) 士 0.8 (syst.) pb. 
And from fits to the angular distribution of the thrust axis of the events containing prompt 
leptons, the forward-backward asymmetries of heavy quark pair production are measured to be 
ApB - -0.47 士 0.07 (stat.) 士 0.03 (syst.) 
A~B = -0.38 土 0.10 (stat.) 土 0.01 (syst.). 
Both the cross-section and the forward-backward asymmetry of the b and c quarks measured 
here are consistent with the Standard Model prediction. 
The deviation 仕om the Standard Model prediction is tested in terms of the compositeness 
scale A. Typically we have obtained A~~/ > 2.0 TeV and A!:rb+ > 3.9 TeV at 95% CL as new 
limits on the possible existence of the compositeness of quarks. 
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A.l.2 Single track events 
As a low rnornenturn electron sarnple, we use events in which either an electron or positron 
and radiated photons are observed and the other electron goes by the bearn pipe as shown in 
Fig. A.2. 
Appendix A 
In the e+ e-collision experirnent, large arnount of electron (positron) can be observed in their 
elastic scattering (e+ e一→ e+e-) ， which is called “Bhabha scattering" and is contributed by two 
diagrams as shown in Fig. A.l. In elastic scattering, scattered electron (positron) should has 
bearn energy (Ebeam =29 Ge V). But due to the effect of initial-state radiation some scattered 




To study the capability of lepton identification, we use several controlled sarnples of muon, 
electron and pion. In this chapter, we describe how to select the above particle sarnples. 
A.l Electron samples 




Since the condition of track trigger needs at least two tracks , rnost of single track events 
are triggered by requiring LG energy deposit (as rnentioned in 2.3.1; total deposited energy in 
LG is greater than 3 GeV.). Therefor single tracks of muon or hadrons are not triggered and 
only radiative Bhabha events are triggered as single track sarnples. Single track rnust be well 
reconstructed1 by CDC. \ヘTe have obtained 27034 single track events as an electron sample. 
Both of single track and Bhabha event sarnples have clear peaks of μ I"V 0 ans their shower 
shapes are consistent with electromagnetic showers as shown in Fig. A.3. 
e e 
+ e + e 
Figure A.1: Feynman diagrarn of e+e- • e+ e-process. 
1 N axial wire hits 三 8 ， N山川山re hits ど 4 ， IRmin I < 2 Cill, IZmin I < 20 Cill, P町> 0.2 GeV /c and I cosBI 
< 0.8 
A.1.1 Bhabha events (e+ e一→ e+e-(γ))
To select Bhabha events, we require 七he following conditions: (1). There is only two CDC 
track. (2). Total energy on LG is greater than 5 GeV. This selection is effective to reduce 
rnuon pair production events (e+ e一→ μ+μ一)， because rnuon do not induce an electro-rnagnetic 
shower in the calorimeter. 
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Muon samples 
As muon samples, we use radiative muon pair production via single γor ZO exchange 
(e+ e- → μ+μ-) and muon pair production via two-photon process (e+ e一→ e+ e-μ+μ一 ) .




(a) Single track sample 
3000 
2000 
We use radiative muon pair production events as a muon sample. Because we need a wide 
momentum range of muon sample, we select only radiative events similar to 七hat of electron 
sample. 
1. Ngood = 2 
There are only two well reconstructed tracks. 















2. (The number of neutral cluster) 三 1








3. Evis 三 0.5 yÍS
To reduce two-photon processes, we require a large visible energy. 
4. p >2.0 GeV jc 
Our interest is this momentum region. 
5. ELG <1.5 GeV 
300∞ 
20ωo 







? ? ? ? ? ?
To reduce electron, we require a small cluster energy corresponding to the CDC track. 
6. Iψ12 +ψ23 +ψ31 -360.0 I < 1.00 









After the above selection, we have obtained 2930 events as a muon sample. 
Figure A.3: Distributions of 仏 Tムゆ and ムZ of (a). single track sample and (b). Bhabha event 
sample. 
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Background estimation 
Most of this muon sample events have the center-of-mass energies of two-photon system (W) 
greater than 3.0 GeV j c2 as shown in Fig. A.5 , because we require that muon momentum is 
greater than 1.5 GeV jc. 
e+ e - → e+e一μ+μ- events 
As a low momentum sample of muon, we use muon pair production in two-photon process 
A.4. We select only those reactions in which both of 
A.2.2 
(e+ e一 → ε+ e-μ+μ一 ) as shown in Fig. 
scattered electron and positron go to the beam pipe. Then a signal is the existence of only two 
muon tracks with considerably low total energy. 






















?This muon sample is selected by the following requirements, 
1. Ngood 二 2 ， L: Qi =0, P 三1. 5 GeV jc 
There are only two well reconstructed2 tracks of which total charge is neutral. Figure A.5: lnvariant mass distribution of this muon samples. It corresponds to the center-of-Both 
日ノμμ =wmass energy of two-photon system; momenta are greater than 1.5 Ge V j c.
2. Evis :; 0.5 Ebeam 
Evis is a visible energy as described in Chap. 3.2.1. ln the two-photon process produced e+e-π+π一 je+e-K+K一 even七s ， we calculate 
cross-section of these events in the region of W > 3.0 GeV jc2. Cro時section in two-photon 
一一歩To estimate the contamination of e+ e一
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change. N amely visible energy tends to be small. 
3. I~ 同!三 0.4 GeVjc 
Since two-photon system is boosted along beam (z) direction, we cannot require a moｭ
mentum balance along the z direction. To reduce events in which e士 beams interact with 
(A.2) 













? ? ? ?







the beam pipe or gas in it, we require a momentum balance in the x-y plane. 
nsec 4. I ムTOFI < 5 
(A.3) 
The quantity (-q2)max depends on properties ofthe production system X , in particular, (-q2)max '" 
W2 for lepton pair production (X = μ + μ 一づ) and (←一一_q2約り)rロma
We use measured cross-section of the γγ → ππ ， K K process at CLEO experiment [66] as 
For the γγ → μμprocess ， the lowest order QED calculation is used. It is 
z To reject muon of cosmic ray events, time-of-f1.ight of both particles should consistent with 
5. ELG < 1.0 
ELG is a cluster energy corresponding to CDC track. This selection is effective to reject 
electrons with p > 1.5 Ge V j c, namely to reject e+ e一 → e+e-e+ e-events. 
beam crossing time. 
GeV 
listed in Table A.1. 
formulated with W as After this selection, we have obtained 6756 events as a muon sample. 
(A.4) 
ーコM ーーーーーーーー一一三2
205 σγγ→μμ (W; I cos 引く 0.6) = w;nb 2 Naxial wire hits 三 10 ， Nslant wire hits 三 4 ， IRminl <2 cm , IZminl <15 cm and I cos 01 <0.7 
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where ()* is production angle in the two-photon system. The region of 1 cos B*I < 0.6 is almost 
covered by the detector acceptance of 1 cos B 1< 0.7. 
W γγ → μμ γγ → π1r +KK 
3.0 - 3.5 19.5 0 . 59 土 0.15
3.5 - 4.0 14.6 0.052 :f 0.048 
4.0 - 5.0 10 , 3 0.041 (upper limit) 
5.0 -10.0 4.1 0.0 
unit: nb 
Table A.1: Cross-section σγγ→x(W) in the region 1 cos ()* 1 < 0.6 for muon pair and pionjkaon 
pair production as a function of W. 
We calculate σe+e一→e+ e一 μ+μ and σe+e一→e+巴一π+μ一 /K+K- by using Eq. A.1 and Table A.1. 
As a result , we obtain these cross-sections in the region of 1 cos B*I < 0.6 and W 三 3 GeV jc2 
to be 207.8 and 1.75 pb, respectively. Contamination of these backgrounds is estimated less 
than 1%. In our interest region of p > 2 Ge V j c (W 三 4 GeV jc2 ) , these background f企ra飢cω:
negligibly smal日1.  
The other backgrounds coming from e+e- • e+ e-e+ e-process is suppressed by the reｭ
quirement of ELG < 1.0 Ge V. Since the probability of that an electron with p=1.5 Ge V j c has 
a cluster energy less than 1.0 GeV jc2 is about 1.4% , contamination of this background is less 
than 0.02%. 
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A.3 Pion samples 
Controlled samples of pion can be obtained by identifying their parent particle. Here these 
parent particles are T lepton and Ks meson , In this section, we describe how to select T pair 
events and Ks decays in hadronic events. 
A.3.1 Tau decays in tau pair production events 
Tau lepton has hadronic decay modes as well as its characteristic one-prong leptonic decay 
mode. Here we use the following reaction which give a 1 .vs. 3 topology in the detector as shown 
in Fig. A.6. 
+ー + _ J T+ → π土戸π士X (X is any neutral particles) 




{ ァ一→ l一巧Vr (l = e ， μ) 
Figure A.6: Tau event samples 
We require the following conditions to select tau pair events. 
1. Ngood = 4 
There are four tracks we1l3 reconstructed in CDC. 
2. ~ELG ~ 0.75 y's 
(A.5) 
To reduce hadronic events, we require a missing energy which is carried by neutrinos 
decaying from tau leptons. 
3 Naxial wire hits さ 10 ， Nslant wire hits 三 4 ， IRminl < 2 Cffi, IZminl < 15 Cffi, 1 cos 81 < 0.75, p と 2 . 0 GeV jc 
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3. Evis > 0.15 Ebeam 
To reduce two-photon events we reject events with considerably small visible energy. 
4. EI ず|三 0. 25Eb即n
This selection is effective to reduce the two-photon events. 
5. Mjet <3.0 GeV /c2 
We require that invariant mass of jets are consistent with tau mass (mT二 1. 7 GeV/c2) as 
shown in Fig. A.7. This selection is effective to reduce hadronic events. 
6. At least one charged particle of each hemisphere must have a momentum greater than 0.5 
E beam. 
7. cos <p :; -0.8 
We require that one particle is isolated from the other particles. The angle <p is defined as 
the angle between the isolated track and the most closest track. 
After the above selection, we have obtained 511 tau pair events. Figure A.7 shows a distribution 
of the jet mass where histogram indicates a Monte Carlo prediction. Data and Monte Carlo 
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。 0.5 1.5 2 2.5 3 
Mje1 
GeV/C2 
Figure A.7: Jet mass distribution of tau samples 
Appendix A. Events samples 110 
Particles in the three prong side of these events are used as pion sample. This pion sample 
has a purity of 87.1 % and muon impurity of 0.1 % as listed in Table A.2. These are estimated 
by using a Monte Carlo simulation of the tau pair production. 
7 → π土 I 87.1% 
K士 I 2.5% 
e土 I 10.2% 
μ土 0.1%
Table A.2: Components of T decay sample. 
A.3.2 Kaon (Ks) decays in hadronic events 
Ks is a neutral kaon which decays predominantly into two pions with lifetime of 0.89 x 10-10 
sec. Thereby, characteristic signals of Ks , its relatively long decay length (several cm) and two 
oppositely charged particles whose invariant mass coincides with the mass of K. Ks samples 
are selected by もhe following requirements in hadronic events. 
1. Both of oppositely charged tracks are reconstructed successfully in 3 dimension. 
2. Decay length4 is greater than 7.0 cm. 
3. An angle between momentum sum vector and a vector from interaction point to the decay 
point is less than 0.003 rad. 
4. Difference of z position at the decay point is less than 3 cm. 
5. To reject conversion electrons, invariant mass of them assuming electron masses is greater 
than 0.25 GeV /c2 
6. lnvariant mass of them assuming pion masses is less than 0.55 GeV /c2. 
Figure A.8 shows a typical Ks decay (Ks →介+π一) in hadronic event 
4The decay point is defined as crossing point in the x-y plane. If two crossing points e泊st ，we choose the closer 
one to the interaction point. 
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Opposite sign charge 


























0.2 Figure A.8: Ks samples in hadronic events 
M 
ππ 
Figure A.9: Ks mass in hadronic events 












Af七er the above selection, we have obtained the 1958 Ks candidates. Figure A.9 shows a 
distribution of i町ariant mass. A clear peak is seen at the mass of charged kaon ("'" 0.5 GeV /c2). 
Shaded histogram indicate those of same sign charged track pairs, which is normalized in the 
controlled region of M7r7r > 0.6 Ge V / c2. It corresponds to combinatorial background for Ks 
candidates. The number of combinatorial backgrounds is estimated to be 424 among 1985 Ks 
candidates. 
Table A.3: Components of the Ks samples 
ーコ ーー一一一一士二二副
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J工 Ks → ππ 
J、tE』  暗3 J h , , t ーう πππ, , 
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足。




iI--・・， zh E' It 』l'司・"' l 胃 "'1 -BEEII , l' 門 h ' , ーへ』 1.! lh 『
1 I1 1,1111, 111 , I j! ;1' 1, ?! I 
2 4 6 8 10 12 14 16 18 
p 
Figure A.10: Momentum distribution of T and Ks samples. 
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Hadron lllisidentification as rnuon 
Here we evaluate systematic errors of hadron misidenti五cation probability as muon. Main 
uncertainty is d ue to the uncertainty of nuclear interaction in the material. Since pion and 
kaon lifetimes and their decay branches are well established, we assume that the uncertainty 
originated from decay in flight is less than 10%. Only when hadrons enter the calorimeters or 
return yoke, the number of decaying hadrons depend on the cross-section of nuclear interactions. 
First of all, we check the capability to simulate nuclear interactions. 
Simulation of the nuclear interaction. 
If a nuclear interaction occurs with the detector, a particle is either scattered or produced 
more particles in its path. We study this effect by observing a distribution of crossing points of 
two CDC tracks. To enhance the tracks which scatter in the materials, we require that a three 
dimensionally reconstructed CDC track is far from interaction point (IRm叫> 1.0 cm). Then 
we take al combinations among the above tracks and additional requirements are applied to the 
track pairs. 
1. These track pairs have crossing points in the x-y plane and their z difference at the crossing 
point is less than 5 cm. 
2. If both tracks satisfy the requirements Rmin <0, the pairs are rejected as photon conversion 
pairs. Because conversion electrons have negative value of Rmin typically. 
3. An absolute value of the momentum sum is restricted to be greater than 2 Ge V / c, since 
this is the region of our interest. 
After the above selections, a distribution of the crossing points is shown in Fig. B.1. Similar 
to photon conversion, clear peaks are seen at R f"'-.J 15 and 25 cm. Plot and histogram are those 
of experimental data and Monte Carlo prediction, respectively. They are consistent with each 
other within the statistical error of 15%. 
114 
115 Appendix B. Hadron misidenti五cation as muon 116 Appendix B. Hadron misidenti五cation as muon 
400 
a s。民= 350 Data 300 Jl_ Monte Carlo 






5 10 15 20 25 30 35 40 
R cm 
crOSSlng pOlnt 
Uncertainty of the misidentification probability due to nuclear interactions. 
Having proved the validity of our Monte Carlo in simulating nuclear interactions, we now 
study uncertainty of the misidentification probability by varying the cross-section of nuclear 
interactions. Tables B.2, B.3 and B.4 show the variation of the number of π土 ， K+ and K - , 
respectively, which are misidentified as muons. 
Variation of decaying non decaying 
cross-sectﾌon hadrons hadrons 
inelastic +20% - 5 % -60 % 
inelastic -20% + 1 % +141 % 
elastic +20% - 8 % -10 % 






Table B.2: Variation of 7r土 backgrounds.
Figure B.1: Distribution of the crossing points in hadronic events 
To evaluate the uncertainty of the simulation, we check the amount of the crossing points 
for the various nuclear cross-sections as shown in Table B .1. In the region of p > 2 Ge V / c, 
the dominant process among the nuclear interactions is inelastic interactionj when a pion has 
momenta of greater than 2 Ge V / c, the cross-sections of elastic and inelastic interaction in carbon 
are 252 and 21μb ， respectively. 
Since the statistical error of the number of crossing points is 15%, we can say that the 
uncertainty of inelastic cross-section is less than 20% as listed in Table B.1. 
Variation of decaying non decaying Total 
cross-section hadrons hadrons 
inelastic +20% - 3 % -35 % -24 % 
inelastic -20% - 3 % +53 % +35 % 
elastic +20% - 9 % -3% -5% 
elastic -20% + 5 % +6% +1% 
























Variation of Variation of the number 
its cross-section of crossing points 
Variation of decaying non decaying Total 
+20 % + 25 % 
cross-section hadrons hadrons 
-20 % -23 % 
inelastic +20% -3% -43 % -23 % 
+10 % + 8 % 
inelastic -20% -5% +64 % +39 % 
-10 % -12 % 
elastic +20% +2% -10 % -4% 
十20 % + 2 % elastic -20% +9% 0% +4% 
-20 % - 2 % 
Table B.4: Variation of K-backgrounds. 
elastic 
Table B.1: Variation of the amount of the crossing points. 
From the above results , we can say that the systematic error of the hadron misidentification 
probability is due to the uncertainty of the number of particles which interact inelastically at 
the material and is estimated to be about 20%. 











As another confirmation , we compare the matching quality distribution between experimenｭ






1n order to simu1ate decays and interactions of the particles and simu1ate the response of the 
VENUS detector, we have a detector simu1ator called VMONT1. 
Severa1 reactions simulated by VMONT are as follows , 
• Decays of hadrons (π土 ， K土 ， K1 and so on.) and leptons (T土 and μ土) are simulated. The 
position of the decay vertices and the time of fiight is also calculated even for particles 


















25 20 15 10 5 。
with short lifetime, such as K~ ， A and D meso肌 as well as those with 10ng 1ifetime matching quality χ2 
• Mu1tiple Coulomb scattering, energy 10ss and nuclear interaction are s匇ulated. 
• For ca1orimeters, electro-magnetic cascade showers in the detectors are simulated by usｭ
ing actual geometry and materials coded in VMONT. E1ectromagnetic showers in the 
ca1orimeters, which originate from e1ectrons andJor photons are simulated by EGS4 [48]. 
By basing on the obtained information from EGS4, the responses of calorimeters are cal-
Figure B.2: Distribution of the matching quality χと附hing in hadror山 events
ln the region of 込山
B.5. 
The response of calorimeters for hadrons and muons is also calculated on the cu1ated. 
The number of muon candidates 
basis of the beam test data [65]. 
• For chambers, the responses of chambers are sumu1ated by taking into account the relation 
between the drift time and the drift 1ength. The resolutions of each chambers are also taken 
> 9.0 
Data 







into account. The simulation of detector responses uses tuned responces of each chamber. 46.5 
o . ratio of data to Monte Carlo 
N uclear interactions 
1n our simulation, nuclear interactions are classified into two categories; one is elastic and 
the other is inelastic. The cross-section of both nuclear interactions depend on each materia1, 
C.l 
Tab1e B.5: The number of muon candidates in the 時ion ofχLa凶ng > 9.0. 
species of incident particle and their momentum. 
The momentum dependences are based on the experimenta1 data of the cross-section for 
lVenus MONTe Calro simulator 
carbon target [67-69] as shown in Fig. C.1-C.6. 
Since Monte Carlo SiII叫ationof the background agrees well ( rv 5 %) in the region ofχL1;Ching< 
9.0, we have a reasonable confidence in our Monte Carlo simulation describing the backgrounds 
in the region ofχLa凶ng 三 9.0
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Figure C.l: Cross-section of nuclear interactions for 7r十. Figure C.3: Cross-section of nuclear interactions for K+. 
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Figure C.2: Cross-section of nuclear interactions for π一. Figure C.4: Cross-section of nuclear interactions for K-. 
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Figure C.5: Cross-section of nuclear interactions for proton. 
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Figure C.6: Cross-section of nuclear interactions for anti-proton. 
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With the above cross-sections, elastic and inelastic interactions are simulated as follows , 
1. Elastic interaction 
When an incident particle interacts with a nucleon in the material, we assume that either 
proton or neutron is chosen by the ratio of 1:1. The scattering angle Belastic is formulated 
with the incident particle momentum p as 
2. Inelastic interaction 
Belastic = ~ド13叫
l130/p (p 三 1 GeV/μCの) 
(C.1) 
Inelastic interaction is simulated by the following reactions as listed in Table C.1. The 
final state is assumed to be uniform in the phase space. 
Incident multiplicity Reaction branching 
particle in final state ratio 
π(K) 2・body 1T+ +N ーー今 1TO 十 P (100%) 
3-body 1T+ + P 一一+ 1T+ + 1T+ + N 一
一一歩 7了++ πO+p
π+ +N 一一+ 1T+ + 1T-+ p 一
一→ 1T+ + πO + N 一
ーー令 π。 + 1TO + p 
P 3-body p+p ーー参 P + π++ N 40/96 
一一今 P + πO + p 一
P+N 一一今 p+ π一 +p
ー~ p + πO + N 一
一→ N + π++ N 一
N(A) 3-body N+P 一一令 N + π++ N 
ー-1砂 N + πo +P 
一一今 P + 1T-+ p 一
N+N 一一令 N + π- +P 一 40/96 
ー~ N + πO + N 
P 4-body p+p 一一今 1T+ + π一 +π++ 1T一 一
一一争 1T+ + π一 +π0 十 1TO 一
P+N 一一歩 π++ π一 +π一 + 1TO 
N 4-body N+N ーー令 1T+ + 1T- + π+ + 1T 
ーー令 ++ 1T一 +π++ π0 一
N+P 一一争 1T+ + 1T一 + 1T+ + πo 
Table C.l: Reactions of inelastic nuclear interaction. 
戸-竺竺竺ー一一一一一一一一一一==|
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For π土 and K土， the ratio of two-body to three-body final state depends specially on the 
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Figure C.7: Momentum threshold of inelastic reactions for pion and kaon. 
Here we show that the fixed values of parameters as adopted in Chap. 6 are consistent 
with our own analysis. As described in Chap. 6.1 , P and Pt spectrum of the observed lepton 
candidates is formulated as follows , 
Ndata(p , Pt) = {σcBcPcp( Ec , p , Pt) 
十円Bb九p(εb ， P ，Pt) 
+σbBbc九S(Eb ， P ， Pt) . (1+α) 
+σbBbu九u((Xb) ， 払 Pt)
+σbBT乃T(εb ， p, Pt) }. 2L . ε (P， Pt) 
+ Nbg 司，ム?
In Chap. 6, we fixed branching rations and fragmentation parameters to obtain σc and σb. Here 
we fix the value of σc and σb and fit the P and Pt spectrum by Eq. D.1 using Ec and Eb as 
free parameters. The fragmentation parameters Eq correspond to the mean values of the scaled 
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parameter value 
σc 39.7 pb 
σb 14.3 pb 
Bc 9.8 士 0.5 % 
Bb 1 1. 13 土 0.29 % 
Bbc 7.9 土 0.8 % 
Bbu 0 . 3 士 0 .2 % 
Bbr = BR (b →ァνrX) 0.48 % 
. BR (, • eveVr ) 
(Xc) 0.51 士 0.02
(Xb) 0.70 土 0.02
Table D.l: World average values of the parameters. 
The semileptonic decay branching ratios and the fragmentation parameter are 五xed world averｭ
age values [58,60] 
Second, we perform the same fit using the semileptonic decay branching ratios of Bc and Bb 
as free parameters. In this case, the fragmentation parameters are fixed at the values in Table 
D.1. We obtained the following results from the 五ts ，
electron sample muon sample combined result 
(Xc) 0 .49 土 0.04 土 0.03 0.47 土 0.05 土 0.03 0.50 土 0.03 土 0.02
(Xb) 0 . 68 土 0.04 土 0.01 077Zl;; 土 0.01 0.71 :! 0.03 士 0.01
Bc 10.5 土 0.9 土1.1% 7.2:!: 1. 1 土1.8% 10.6 土 0.7 土 0.9%
Bb 13.1 土1. 2 土1.0% 13.3 土1. 5 土 0.8% 13.7 土1.0 土 0.7%
Table D.2: Measured values of fragmentation parameter and semileptonic decay branching ratio. 
The 五rst error is statistical and the second is systematic. These results are consistent with 
the values in Table 6.1. 
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